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ABSTRACT
FATE OF ISOXAFLUTOLE AND ITS DIKETONITRILE METABOLITE IN
SOILS AS INFLUENCED BY EDAPHIC FACTORS AND SOIL TYPES
SEPTEMBER 1999
SOWMYA MITRA, B.S., BIDHAN CHANDRA KRISHI VISWA VIDYALAYA,
WEST BENGAL, INDIA
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Prasanta C. Bhowmik

Isoxaflutole is a new pre-emergence herbicide which undergoes rapid
conversion to a diketonitrile metabolite (DKN) in soil. In soil the half-life of
isoxaflutole is very short, but the half-life of DKN is much longer. Sorption studies
were conducted with five soils varying in physical and chemical properties using the
batch equilibration technique. Analysis of 14C-ring labeled isoxaflutole and DKN was
performed using liquid scintillation counting, and sorption data were fitted to the
Freundlich model. Isotherms of isoxaflutole and DKN in all the soils were nonlinear
as depicted by the exponent (n < 1.0), indicating differential distribution of sorption
site energies in various soils. Isoxaflutole and DKN sorption increased with an
increase in organic matter content of soils and decreased as the soil pH increased from
4.5 to 8.5, which was depicted by the reduction of Kp values. Clay content of the soils
did not have a high correlation with Kp values, while the sorption of isoxaflutole was
not influenced by the Ca2+ concentration in the soil solution. There was an increase in
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the sorption of DKN with an increase in Ca2+ concentration of the soil solution, while
the net sorption constant (Krf) was correlated to the organic matter content of the soils.
A high correlation existed between the desorption coefficient, Kpd and the
organic matter content of soils, while the clay content did not greatly influence the
desorption of DKN. Although the sorption of DKN was generally reversible, a
sorption-desorption hysteresis was apparent in all soils. The site energy distribution
curves emphasized the fact that DKN binds tightly to soils with higher organic matter
content, and a larger proportion of DKN was retained by those soils.
In soils with high organic matter content, the sorption-desorption hysteresis
was mainly governed by organic matter content, but in soils with low organic matter,
clay content played an important role. When isoxaflutole and DKN were added to
soil, the carbonyl stretching frequency decreased as observed in the diffuse reflectance
Fourier transformed infrared (DRIFT) spectra. In conclusion, the potential for
leaching through soil and crop injury due to isoxaflutole and its metabolite would
decrease as soil organic matter and clay content increase.
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CHAPTER I

ISOXAFLUTOLE; A NOVEL PRE-EMERGENCE HERBICIDE

Mode of Action of Isoxaflutole

Isoxaflutole, [4-(2-methanesulphonyl-4-trifluoromethylbenzoyl)-5-cyclopropyl
isoxazole], is a new preemergence herbicide discovered by Rhone-Poulenc
Agrochimie (Cain et al. 1993). It belongs to a new class of herbicide, the isoxazole.
Isoxaflutole disrupts pigment biosynthesis by inhibiting /?-hyroxyphenyl pyruvate
dioxygenase (HPPD) in susceptible plant species (Luscombe et al. 1995). Susceptible
weed species exhibit bleaching symptoms followed by growth supression and
necrosis. Bleaching, i.e. absence of both carotenoid and chlorophyll pigments, of
newly developed leaves results indirectly from an inhibition of carotenoid
biosynthesis. Inhibition of HPPD reduces the levels of plastoquinone, a cofactor of
phytoene desaturase, a key enzyme of carotenoid biosynthesis (Luscombe and Pallett
1996).
HPPD catalyses the oxidative decarboxylation of 4-hydroxyphenyl pyruvate
forming homogentisate (Pallett et al. 1997). The reaction mechanism, which is still
not fully understood, involves ring peroxidation, leading to ring hydroxylation and
side chain migration. Homogentisate then undergoes prenylation and methylation
forming isoprenoid quinones required in biological redox reactions, such as
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plastoquinone. In bleached leaves levels of plastoquinone are depleted in advance of
carotenoids (Pallett et al. 1997).

Derivatives of Isoxaflutole

Isoxaflutole is chemically benzoyl isoxazole and it rapidly converts to a
diketonitrile (DKN) metabolite, [2-cyano-3-cyclopropyl-l-(2-methylsulphonyl-4trifluoromethylphenyl)propan-l, 3-dione] via. an opening of the isoxazole ring (Pallett
et al. 1997) (Figure 1.1). The conversion to DKN takes place in plants and soil
rapidly. DKN is likely the active herbicidal principle and is a potent inhibitor of
HPPD in plants. DKN is then metabolized to an inactive compound, the benzoic acid
and finally at the very end of the process forms carbon dioxide ( Creange et al. 1998).
In soil isoxaflutole undergoes rapid conversion to DKN and it is partially
sensitive to light. The half-life of isoxaflutole is 20 hrs under light and 23 hrs under
dark soil photolysis conditions, while the half-life of isoxaflutole is 40 hrs in light
under aqueous photolysis conditions at 25 °C. The half-life of DKN is over a month
under dark soil photolysis conditions (Personal communication, Chris Leake, RhonePoulenc Ag. Co).

2

o

S02CH3

CF3
SO2CH3
Diketonitrile metabolite (DKN)

Figure 1.1 Chemical structures of isoxaflutole and its diketonitrile metabolite (DKN).
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Spectrum of Weed Control

Isoxaflutole has provided excellent selective control of both grass and
broadleaf weeds in corn. Isoxaflutole has been reported to control velvetleaf (.Abutilon
theophrasti Medic.), common redroot pigweed (Amaranthus retroflexus L.), common

ragweed (Ambrosia artemisiifolia L.), lambsquarters (Chenopodium album L.), large
crabgrass [Digitaria sanguinalis (L.) Scop.], barnyard grass [Echinochloa crus-galli
(L.) Beauv.], fall panicum {Panicum dichotomiflorum Michx.), Pennsylvania
smartweed (.Polygonum pensylvanicum L.), giant foxtail (Setaria faberi Herrm.),
yellow foxtail [Setaria glauca (L.) Beauv.], green foxtail [Setaria viridis (L). Beauv.],
black nightsade {Solarium nigrum L.) (Bhowmik et al. 1996; Bhowmik and Prostak
1997; Bhowmik et al. 1998; Creange et al. 1998; Himmelstein and Durgy 1997;
Luscombe et al. 1995; Rouchaud et al. 1998; Sprague et al. 1997; Stachecki et al.
1997; Vrabel et al. 1997; Werner and Curran 1998). The various weed species
differed in their response to isoxaflutole rates. Velevtleaf was the most susceptible
species to preemergence application of isoxaflutole at 8.7 to 17.5 g/ha (Bhowmik et al.
1996).

Tolerance of Plant Species to Isoxaflutole

In plants, isoxaflutole is rapidly converted to DKN which is the active
metabolite of isoxaflutole and a very potent inhibitor of HPPD (Pallett et al. 1997).
DKN undergoes further metabolism to inactive benzoic acid derivatives. This
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degradation occurs more rapidly in tolerant species such as corn and this appears to be
the basis of selectivity of isoxaflutole (Luscombe and Pallett 1996). Rapid
metabolism of isoxaflutole thus confers tolerance of a plant species.
Corn is tolerant to isoxaflutole at most rates but slight injury to corn has been
reported at high rates. Bleaching injury was temporary and the plants recovered as the
season progressed. The injury could be attributed to a coarse textured soil in the field
or the high rate of isoxaflutole, which could not be metabolized by corn and hence
resulted in injury. Sprague et al. (1998) also observed corn injury in coarse textured
soils (low in clay and organic matter content) at isoxaflutole rate of 158 g/ha in their
studies in Michigan. On the other hand, Bhowmik et al. (1996) did not observe any
appreciable injury to corn even at rates of 158 g/ha of isoxaflutole and this rate did not
have any adverse effect on corn grain and silage yield.

Calculation of Molecular Volume for Isoxaflutole and DKN

The additive method of Immirzi and Perini (1977) will be used to calculate the
molecular volume of isoxaflutole and DKN. This method can be used for compounds
having molecular weights in the range of 50 to 1000 g/mole. Immirzi and Perini
(1977) have assigned atomic volumes based upon the number of other atoms bonded
to a specific atom.
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The following restrictions apply to the method of Immirzi and Perini (1977):
(1) .

Crystals that have a structural disorder or are not solids at room temperature are
excluded

(2) .

With the exception of water, crystals may not contain molecules of the solvent

(3) .

Only the elements H, C, O, N, S, F, Cl, Br, I, Na, K, and Rb are considered and

(4) .

Cyclic compounds are limited to derivatives of benzene and naphthalene

This additive method of Immirzi and Perini is based upon the following equation:

Vs = Ei m; v/

where,
Vs = calculated crystal volume for a single molecule (A°3 molecule'1)
mi - relative stoichiometric multiplies
v/ = unit volumes of atomic elements (A0)
These calculations will give us more information on the nature of isoxaflutole
and DKN molecules which will help us understand the adsorption mechanism of the
molecules. The molecular weight of both isoxaflutole and DKN is 359 g molecule'1.
According to Immirzi and Perini’s method, the molecular volume of isoxaflutole and
DKN is 388 and 393.6 A03 molecule'1, respectively.

6
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CHAPTER II

SORPTION OF ISOXAFLUTOLE BY FIVE DIFFERENT SOILS VARYING
IN PHYSICAL AND CHEMICAL PROPERTIES

Abstract

Isoxaflutole is a new pre-emergence com herbicide which controls both grass
and broadleaf weeds. Experiments were performed in the laboratory to study the
sorption of isoxaflutole in five different soils (Moorhead, MN; East Monroe, CO;
Ellendale, MN; South Deerfield, MA; and Chelsea, MI) using the batch equilibration
technique. Total initial isoxaflutole solution concentrations for each soil were 0.05,
0.15, 0.3. 0.8, 1.5, 2.0 and 4.0 mg litre'1. Analysis of 14C-ring labeled isoxaflutole was
performed using liquid scintillation counting, and sorption data were fitted with the
Freundlich model. Isotherms of isoxaflutole in all the soils were nonlinear as depicted
by the exponent (n < 1.0), indicating differential distribution of sorption site energies
in various soils. Since the isotherms were nonlinear the data fit Freundlich’s isotherm
well and it was indicated by high values of the regression coefficient (r2). The
Freundlich sorption coefficient ranged from 0.555 to 50.0 (Ln mgJ~n kg_/)- Multiple
regression of the sorption constant, Kf against selected soil properties indicated that

This chapter has been published in Pesticide Science 55:935-942.
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organic matter content was the best single predictor of isoxaflutole sorption (r =
0.999) followed by soil pH (r2 = 0.954). Clay content of the soils did not have a high
correlation with Kp values (r2 = 0.453), while the sorption of isoxaflutole was not
influenced by the Ca2+ concentration in the soil solution. Isoxaflutole sorption
increased with an increase in organic matter content of soils. Sorption of isoxaflutole
decreased as the soil pH increased from 4.5 to 8.5, which was depicted by the
reduction of Kp values. Sorption of isoxaflutole to the soils varied with differences in
binding energies. At a particular net energy value (E*), the corresponding site energy
distribution [F(E*)] values followed the order, Chelsea, MI > Moorhead, MN > East
Monroe, CO > South Deerfield, MA > Ellendale, MN. The negative magnitude of
Gibbs free energy of sorption (AG*) indicates the spontaneity of the given sorption
process in the soils from Moorhead, MN; East Monroe, CO and Chelsea, MI.

Introduction

Isoxaflutole, [4-(2-methanesulphonyl-4-trifluoromethylbenzoyl)-5-cyclopropyl
isoxazole], is a new pre-emergence herbicide which belongs to a new class of
herbicide, the isoxazoles (Cain et al. 1993). Isoxaflutole disrupts pigment biosynthesis
via an inhibition of/>hydroxyphenyl pyruvate dioxygenase (HPPD) in susceptible
plant species (Luscombe et al. 1995). Isoxaflutole is chemically benzoyl isoxazole
and it rapidly gets converted to a diketonitrile (DKN) derivative, [2-cyano-3-
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cyclopropyl-l-(2-methylsulphonyl-4-trifluoromethylphenyl) propan-1, 3-dione] by
opening the isoxazole ring (Pallett et al. 1997). The conversion to DKN takes place in
plants and soil rapidly. In soil, isoxaflutole undergoes rapid conversion to DKN and it
is partially sensitive to light. The half-life of isoxaflutole is 20 hrs in light and 23 hrs
under dark soil photolysis conditions, while the half-life of isoxaflutole is 40 hrs in
light under aqueous photolysis conditions at 25 °C (pers. comm. Chris Leake, RhonePoulenc Ag. Co.).
Isoxaflutole has provided excellent selective control of both grass and
broadleaf weeds in corn. It has been reported to control grasses including barnyard
grass [Echinochloa crus-galli (L.) Beauv.], large crabgrass [Digitaria sanguinalis (L.)
Scop.] and broadleaf weeds such as velvetleaf (Abutilon theophrasti Medic.), common
redroot pigweed (Amaranthus retrojlexus L.), common ragweed (.Ambrosia
artemisiifolia L.), and lambsquarters (Chenopodium album L.) (Bhowmik and Prostak

1997; Bhowmik et al. 1996).
Isoxaflutole acts through soil therefore sorption plays an important role in
understanding its fate and behavior in soil. Soils are heterogeneous systems and they
have a tremendous capacity to adsorb chemicals. Sorption reactions offer a major
mechanism in attenuation of environmentally sensitive compounds. Sorption
contributes to large scale processes as in the transport of chemicals from soil to
groundwater and to microscale processes as in diffusion and bio-transformation. The

removal of herbicides from solution by sorption is a major factor controlling herbicide
activity, mobility, and persistence(Weber and Peter 1982; Wauchope and Koskinen
1983).
Most herbicides are solid organic compounds of limited aqueous solubility, are
non-ionic in the normal range of soil pH and have low vapor pressures (Wauchope and
Koskinen 1983). For non-ionic, slightly-soluble compounds under consideration, a
correlation is always found between the amount sorbed by different soils at a given
equilibrium concentration and the amount of organic matter present in the soils
(Weber and Peter 1982). A correlation is usually observed between sorption and soil
clay content, but this is regarded as a secondary result because organic matter and clay
are usually correlated between soils (Wauchope and Koskinen 1983).
Before recommending the use of isoxaflutole, studies have to be done to assess
the environmental impact of this herbicide. Since it is a pre-emergence herbicide,
extensive studies need to be done to observe the fate of isoxaflutole in soil. Influence
of various edaphic factors such as soil pH, organic matter, adsorbed cations, moisture
etc, on the sorption of isoxaflutole have to be examined. According to preliminary
studies on a range of soils in the mid-west region of the United States, researchers
have encountered some injury to crops due to pre-emergence application of
isoxaflutole (pers. comm.). Most of these soils were limed each year without proper
incorporation into the soil, and the resultant calcium content of some of these soils was
therefore very high. Hence there is a speculation about the role of calcium on the
sorption of isoxaflutole on these soils.
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The objectives of the study were to: (a) evaluate the effect of organic matter,
soil pH, Ca2+ concentration, and clay content on the sorption of isoxaflutole and (b)
determine the sorptive behaviour of isoxaflutole by five different soils.

Materials and Methods

Experiments were conducted at the University of Massachusetts with live soils
obtained from Moorhead, MN; East Monroe, CO; Ellendale, MN; South Deerfield,
MA and Chelsea, MI. The soils were collected from the subsurface horizon (0-15 cm)
having a wide variation in their soil texture, pH, organic matter, adsorbed cation (Ca2’)
and cation exchange capacity (CEC) (Table 2.1). Soil from South Deerfield, MA was
used for detailed studies with various edaphic factors such as soil pi I and Ca
concentrations.
All glassware coming in contact with isoxaflutole were rinsed with 1%
hydrochloric acid followed by 1% ethylene diamine tetra acetic acid (EDTA) solution.
Amber colored glass vials were used in order to reduce photodegradation of
isoxaflutole.
Sorption experiments were conducted using batch equilibration technique in 8mL screw-cap vials with Teflon^-lined septa. An aqueous suspension containing 0.01
M CaCl2 was used to mimic soil conditions while 200 mg litre ' IIgCI2 was used as a
bioinhibitor and the solution was adjusted to a pH of 6.7 (Xing et al. 1994; Xing et al.
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Table 2.1

Physical and chemical properties of the five different soils collected from the subsurface horizon (0-15 cm).
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nonlinear curve fitting would underestimate the importance of the low concentration
data (Xing 1998).
In order to study the effect of pH on the sorption of isoxaflutole, experiments
were conducted at pH 4.5, 5.5, 6.5, 7.5 and 8.5 with the South Deerfield soil. Because
South Deerfield , MA soil had a normal pH of 6.5 the soil was incubated in the
laboratory until it reached the required pH. For studies with Ca2+, the experiments
were conducted at 0.01 M and 0.1 M CaCl2 concentrations.

Results and Discussion

Sorption of isoxaflutole
Sorption isotherms of isoxaflutole in all the soils were nonlinear as depicted by
the exponent (n < 1.0), indicating differential distribution of sorption site energies in
various soils. Since the isotherms were nonlinear the data fit Freundlich’s isotherm
well and it was indicated by high values of the regression coefficient (r2 = 0.996 to
0.999) (Table 2.2). This is because the Freundlich equation, although originally
empirical, implies that the affinity for sorption decreases exponentially with increasing
solution concentration, which is closer to reality (Sposito 1984; Sanyal et al. 1993).
Values of n were close to unity in all soils, suggesting partitioning as a dominant
adsorption mechanism. Hence, it is possible to compare the Kp values and determine
the comparative sorption capacities of the soils. Similar n values have been observed
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Table 2.2 Sorption coefficients (Kp), slope (n) and regression coefficients (r2) of isoxaflutole sorption by different soils.
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for other herbicides like flumetsulam {A^-(2,6-difluorophenyl)-5-methyl[l,2,4]triazolo
[1,5a]pyrimidine-2-sulfonamide} across a wide range of soil types (Fontaine et al.
1991). The Kf values suggest that isoxaflutole was strongly sorbed to the soil from
Chelsea, MI [50 L0'954 mg0046 kg1] followed by Moorhead, MN; East Monroe, CO;
South Deerfield, MA; and Ellendale, MN.

Effect of Organic Matter

A positive correlation between soil organic matter content and isoxaflutole
adsorption was observed. Regression between Kp values and soil organic matter (r2 =
0.999) indicated that isoxaflutole sorption increased with an increase in organic matter
content of soils as shown in Figure 2.1. A similar effect of organic matter content on
the sorption of atrazine (2-chloro-4-ethylamino-6-isopropylamino-l, 3, 5 triazine) and
flumetsulam has been reported (Jenks et al. 1998; Shaw and Murphy 1997). Chiou
(1989) has reported that soil organic matter is the primary sorbent for hydrophobic
organic compounds in soil and isoxaflutole falls in the same category. However,
isotherm nonlinearity of isoxaflutole in soils having high organic matter content
cannot be attributed to mineral surface, but can be attributed to the characteristic of
soil organic matter. Nonlinear isotherms for atrazine and chlorinated benzenes have
been reported (Xing et al. 1996; Xing and Pignatello 1997).
In studying the sorption of hydrophobic organic compounds, the quantity as
well as the type of organic matter is important (Xing 1997). Soil organic matter is
heterogeneous in nature and it can vary greatly as a function of the age, diagenesis,
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Figure 2.1 Freundlich sorption coefficient (.KF) as influenced by soil organic matter
in (a) Moorhead, East Monroe, Ellendale, South Deerfield soils and
(b) all five soils including the soil from Chelsea.
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and mode of transformation (Hayes et al. 1989; Rullkotter and Michaelis 1989). The
variation in quality of soil organic matter strongly affects the sorption capacity of
hydrophobic organic compounds (Xing et al. 1994; Weber et al. 1992).

Effect of Clay Content

The effect of clay content on the sorption of imidacloprid, [l-{(6-chloro-3pyrimidinyl)-methyl}-Wnitro-2-imidazolidinimine] has been reported (Cox et al.
1998). Cox et al (1998) indicated a contribution of the surfaces of mineral
components of the soil clay to sorption of imidacloprid. Montmorillonitic clay
minerals were found to be active in the sorption of imidacloprid. Laird et al. (1992)
reported that smectites influence the sorption behavior of atrazine and the affinity of
smectites for atrazine decreases with increasing surface charge density. In our study,
the sorption of isoxaflutole was not influenced appreciably by clay content as depicted
by a low regression coefficient (r2 = 0.453). Sorption, persistence and mobility of
isoxaflutole in soils containing 2% or more organic matter were found to be correlated
by soil organic matter content and not by the soil texture, which is consistent with our
results (Rouchaud et al. 1998).
In soil, clay and organic components are usually intimately associated such that
their individual effects on sorption are difficult to separate. However, mineral surfaces
may be obscured by their association with organic colloids. Sorption of imidacloprid
on soil clays decreased after removal of organic matter (Cox et al. 1998). Sorption of
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isoxaflutole in soils was found to be influenced primarily by organic matter while clay
components did not greatly affect the sorption process.

Effect of Ca2+ Concentration

The effect of Ca on sorption of isoxaflutole was investigated with soils from
South Deerfield, MA and Chelsea, MI. These soils had the lowest (916 mg kg'1) and
the highest (4750 mg kg'1) Ca2+ concentration, respectively. South Deerfield, MA soil
had 1.94 % organic matter compared to 57.4% in the Chelsea, MI soil. In the South
Deerfield soil Kp increased by 0.068 Ln mg]~n kg-^ as the concentration increased
from 0.01 M to 0.1 M CaCl2 indicating that the availability of isoxaflutole in the soil
solution decreased as the Ca2+ concentration increased. Sorption of isoxaflutole in
Chelsea, MI soil was not influenced by Ca2+ concentration as reflected by a negligible
change in the Kp and n values. Hence the effect of Ca2+ concentration on the sorption
of isoxaflutole could be ruled out and the injury to plants can not be accounted for by
Ca2+ concentrations.

Effect of Soil pH

Soil pH and organic matter content are important factors governing the
sorption of herbicides (Fontaine et al. 1991; Lehmann et al. 1992). Experiments were
performed with South Deerfield, MA soil to study the effect of soil pH on the sorption
of isoxaflutole. The soil had a normal pH of 6.5 in a 1:1 ratio with water and hence,
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the soil was incubated with 0.01 M CaCl2and 200 mg L'1 HgCl2 until the soil reached
the required pH. The background solution of 0.01 M CaCl2and 200 mg L'1 HgCl2 had
a pH of 6.7 but it was not buffered, so the solution actually attained the same pH as the
soil. Isotherms were constructed at pH 4.5, 5.5, 6.5, 7.5, and 8.5 (Figure 2.2).
A negative correlation (r2 = 0.954) was observed between Kf and soil pH
(Figure 2.3). Isoxaflutole sorption decreased as the soil pH increased from 4.5 to 8.5
which was demonstrated by the reduction in Kf values (Table 2.3). The fact that
isoxaflutole binds strongly to the soil at lower pH may be due to the low basicity of
the isoxazole ring which enables proton addition to isoxaflutole at low soil pH
(Rouchaud et al. 1998). Hence sorption of isoxaflutole by cation exchange is higher at
low soil pH than at high soil pH. Rouchaud et al. (1998) have reported that
isoxaflutole dissipation in soils is slightly faster at pH 7.2 than at 5.5, which is similar
to our observation for sorption of isoxaflutole in soils with low pH. It is possible that
at pH 8.5 some of the organic matter dissolves in the solution and this may contribute
to the reduction of Kf value. Similar findings have been reported by Huang and
Weber (1997) where they observed background dissolved organic matter at pH < 7.0.
Shaw and Murphy (1997) reported that flumetsulam mobility across soils with
similar organic matter content, increased linearly as soil pH increased from 5.3 to 7.2.
They attributed the increased mobility of flumetsulam due to its ionic species at pH >
7.2. Therefore, like many other herbicides isoxaflutole sorption depends on organic
matter content and soil pH. When isoxaflutole is being recommended for soils having
low organic matter and high pH it may be necessary to reduce the application rate.
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Figure 2.2 Freundlich sorption isotherms of isoxaflutole in South Deerfield, MA soil at
pH 4.5, 5.5, 6.5, 7.5, and 8.5.
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Figure 2.3 Freundlich sorption coefficient (.KF) as influenced by soil pH in
South Deerfield, MA soil.
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by the equation log Kf ± Cl log Kf.

Table 2.3 Sorption coefficients (Kf), slope (n) and regression coefficients (r2) of isoxaflutole in South Deerfield,

<D
on
on

Sorption of isoxaflutole is higher in soils having high organic matter content
and low pH, compared to soils with low organic matter and high pH. Hence the
chances of injury are lower in soils with high organic matter content and low pH as the
amount of available isoxaflutole in soil solution is reduced.
Since Kf is dependent on initial concentration (C/), final equilibrium
concentration (Ce), organic matter content (O), and soil pH (P) the following
relationship may be written as;
dKp
dKp
dKp
dKp
dKf = _ dCz +_dCe + _ dO +_dP
dCi

dCe

dO

dP

The above equation can be expressed as a Taylor Series Expansion ignoring all the
first power terms (Shoemaker et al. 1989).
dKf
dKp
dKp
dKp
AKf - _ AC/+_ A Ce + _ AO +_AP
dCi

dCe

dO

From the Freundlich equation;
x/m = Kf Ce^
and Weber (1977) described adsorption as;
x/m = V(Ci - Ce)
Hence,

KFC//

=

V(Cj - Ce)

or.KF = [V(Cj-Ce)]/[CeH]
= [VCi / CeN1 - V Ce(>-N)
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dT

The following partial derivatives may be substituted;

(dtCF/c>Ci)ce,V,m = V/[CeN]

CdKp/ dCe) Q, V,m = -(V CjN) /[Ce(N+0] - V(l-N) [Ce~N]

=

-(V CjN)/[CjN+1)]. v(l-N) /[CeN]

= - {V/(Ce-N)} [{(CjN)/Ce} + (1-N)]

Site Energy Distribution

The sorption isotherms for all soils were nonlinear (n < 1.0) and hence, the data
did not fit the Langmuir model well but, they fit the Freundlich model well as depicted
by the high regression coefficients (r2 = 0.996 to 0.999) (Table 2.3). In many isotherm
models, there is an implicit assumption of an underlying distribution of site energies.
On a theoretical basis, isotherm parameters can thus be related to particular site energy
distributions, and their empirically determined values can be interpreted with respect
to the energy characteristic of a sorbent (Carter et al. 1995). The sorption of
herbicides or any organic molecule is governed by the site energy distribution of the
sorbents. Isotherms on heterogeneous surfaces can be summarized by a basic integral
equation;

Qe (Ce) =

H’lh(E,Ce)F'(E)dE

where Qe defines the total sorption of a solute by a heterogeneous surface as the
integral of an energetically homogenous isotherm (qh), multiplied by a site energy
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frequency distribution [F'(£)] over a range of energies, Ce the equilibrium
concentration of the solute, and E is the difference between the solute and solvent
adsorption energies for a given site (Carter et ah, 1995; Misra, 1970; Jaroniec, 1975;
Cerfolini, 1974).
Modifying the equation for energy we have;

Qe (Ce) = p (E) dE
where qh(E) F' (E) = F(E)
Cerofolini (1974) proposed a technique for determination of site energy
distributions in which the equilibrium liquid phase concentration is related to the
energy of adsorption by

-[E - Es]
= Cs exp
RT
-[E *]
or, Cp = Ce exp RT
where E is the net energy, Ce the equilibrium concentration of the solute, Cs the
maximum solubility of the solute, E is the difference between the solute and solvent
adsorption energies for a given site, and Es is that value of the sorption energy
corresponding to Ce = Cs, R is the universal gas constant, and T is the absolute
temperature. The Es reference state for E represents the lowest physically realizable
sorption energy, and its magnitude depends only on the solute, or in other words it is
independent of the sorbent (Carter et al., 1995)

29

The approximate site energy distribution, F(E*) , is obtained by differentiating
30C

30C

qe(E ), with respect to E .
-

F(E*) =

dqe (E*)
d E*

For Freundlich isotherms it can be modified as;

qe = KFCeN
= Kf[Cs exp f-E* /RT)]n
= [Kf C/1] exp (-NE* / RT)]
differentiating both sides of the equation;

-dqe(E*)
_ = [{KpCj^jf-N/RT) .exp (-NE* /RT)]
d E*

= - [{KfC^KN/RT)] .exp (-NE* / RT)]

Hence,

E(E ) =

KfCs" n
_

RT

exp /

-nE*

_ 7

RT

For the range of equilibrium concentrations in the isotherms;

-[£*]

Ce = C, exp _
RT
or,[Ce/Cs] = exp[-E*/RT]
or. In [Ce/Cs] = [-E*/RT]
or. RTln [Ce / Cs] = [-E* ]
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The equilibrium concentrations used in the experiments ranged from 0.02 to 2.07 mg
L'1. Using the above equation the energy of adsorption ranged from 2.7 to 14.2 kJ
mol'1. The energy distribution of isoxaflutole in various soils are represented in
Figure 2.4. Isoxaflutole was sorbed strongly by the Chelsea, MI soil as depicted by
the energy distribution in Figure 2.4(b). The site energy distribution curves
emphasize the fact that isoxaflutole binds tightly to soils with higher organic matter
content as the curves illustrate. At a particular E* value, the corresponding F(E*)
values follow the order Chelsea, MI > Moorhead, MN > East Monroe, CO > South
Deerfield, MA > Ellendale, MN. The trend is represented by individual organic
matter contents of the soils.

Thermodynamic Calculations

Biggar and Cheung (1973) studied the sorption of carboxylate pesticides in
soils. They regarded it as a process of partitioning between the bulk solution phase
and a surface phase (Greenland et al. 1975). In our studies the sorption of isoxaflutole
was primarily a partitioning process as depicted by the n values in all soils (Table 2.2).
This partition process can be characterized by a distribution coefficient (K0) given by
the following equation (Greenland et al. 1975).

Ko = as / ae = /s Cs / Ye Ce
where as indicates the activity of the sorbed solute, ae is the activity of the solute in
the equilibrium solution, ys is the activity coefficient of the sorbed solute, ye is the
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3
-■— Moorhead, MN
— East Monroe, CO
-o— Ellendale, MN

(a)

Figure 2.4 Site energy distribution for isoxaflutole sorption.
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activity coefficient of the solute in the equilibrium solution, Ce is the amount of solute
sorbed and Cs is the equilibrium solute concentration. It is assumed that K0 is related
to the standard differential Gibbs free energy of sorption (AG*) in the limit of
infinitely dilute sorption solution (Sanyal et al. 1993). Thus,

Cs

lim

Cs->0 - =K0
Ce
when the ys terms approach unity, and
(AG*) = -RT In K0
The value of K0 was obtained by plotting In(Cs/Ce) vs. Cs, and then extrapolating to
zero Cy. The value of K0 was determined by the intercept (Sanyal et al. 1993).
The experiments were conducted at 25° C so the free energy was calculated at
the same temperature. Negative magnitude of AG* values indicate the spontaneity of
i

the given sorption process in the soils from Moorhead, MN; East Monroe, CO and
Chelsea, MI (Table 2.4). The soils with comparatively higher organic matter content
and higher Rvalues depicted a spontaneous process.

Conclusion

Isoxaflutole can be used as a pre-emergence herbicide to selectively control
grasses and broadleaf weeds in corn. Sorption isotherms of isoxaflutole in all soils
were nonlinear as depicted by the exponent (n < 1.0), indicating differential
distribution of sorption site energies in various soils.
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Table 2.4 Free energy for isoxaflutoie sorption (AG*), sorption coefficient (logKf),
and distribution coefficient (lnK0) at 25°C.

Soil sample

In K0

log Kfa

AG*
(kJ mol'1)

Moorehead, MN

0.424 (± 0.006)

1.037

-2.568

East Monroe, CO

0.011 (± 0.006)

0.086

-0.213

Ellendale, MN

-0.256 (± 0.008)

-0.431

1.067

South Deerfield, MA

-0.190(10.006)

-0.117

0.290

1.699(10.007)

4.078

-10.10

Chelsea, MI

lumbers in parenthesis are the 95% confidence intervals (Cl). For Kp, the CIs are

\ogKf (± Cl).
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Since the isotherms were nonlinear the data fit Freundlich’s isotherm well and
it was indicated by high values of the regression coefficient. Isoxaflutole sorption
increased with an increase in organic matter content of soils. Soil organic matter
content was the best single predictor of isoxaflutole sorption (r2 = 0.999) followed by
soil pH (r2 = 0.954). Sorption of isoxaflutole decreased as the soil pH increased from
4.5 to 8.5, which was depicted by the reduction of /^values. Clay content and Ca2+
concentration of the soils did not greatly affect the sorption of isoxaflutole. The site
energy distribution calculations emphasize the fact that isoxaflutole binds tightly to
soils with higher organic matter content. At a particular E* value, the corresponding
F(E’) values follow the order Chelsea, MI > Moorhead, MN > East Monroe, CO >
South Deerfield, MA > Ellendale, MN. The trend is represented by individual organic
matter contents of the soils.
The portion of isoxaflutole in soil solution will determine crop injury, leaching
potential, and subsequently chances of contamination of ground water. Sorption of
isoxaflutole is higher in soils having high organic matter content and low soil pH and
hence, the amount of available isoxaflutole in soil solution will be less. Chances of
crop injury are less in soils with high organic matter and low soil pH, compared to
soils with low organic matter and high soil pH. We are currently studying the sorption
and desorption of DKN which will give us a complete idea about the fate of
isoxaflutole and its derivatives in soil.
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CHAPTER III

PHYSICAL AND CHEMICAL PROPERTIES OF SOIL INFLUENCE THE
SORPTION OF THE DIKETONITRILE METABOLITE OF ISOXAFLUTOLE

Abstract

Isoxaflutole is a new pre-emergence herbicide which undergoes rapid
conversion to a diketonitrile metabolite (DKN) in soil. The half-life of isoxaflutole is
very short, but the half-life of DKN is much longer and hence DKN remains for an
extended period of time in soil. Sorption studies were conducted with five soils
varying in physical and chemical properties using the batch equilibration technique.
Analysis of 14C-ring labeled DKN was performed using liquid scintillation counting,
and sorption data were fit to the Freundlich model. Isotherms of DKN were nonlinear
in all the soils as depicted by the Freundlich exponent (n < 1.0), indicating differential
distribution of sorption site energies. Multiple regression of the sorption constants
against selected soil properties indicated that organic matter content of soils was the
best single determining factor of DKN sorption (r2 = 0.961) followed by soil pH (r2 =
0.947). The Freundlich sorption coefficient (Kf) decreased in the following order
Chelsea, MI > Amherst, MA > Moorhead, MN > East Monroe, CO > South
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Deerfield, MA. The organic matter content of the soils decreases in the same order.
Clay content had a minimal effect on the sorption of DKN, while the sorption of DKN
increased with an increase in the organic matter content. The sorption of DKN
increased as the soil pH decreased from 4.5 to 8.5. There was an increase in the
sorption of DKN with an increase in Ca2+ concentration of the soil solution, while the
net sorption constant (.Kd) was correlated to the organic matter content of the soils.
The site energy distribution of DKN sorption was governed mainly by the organic
matter content of the soils. Hence, the chances of leaching of DKN is less in soils
with high organic matter content and low pH.

Introduction

Isoxaflutole is a new preemergence herbicide which belongs to a new class of
herbicide, the isoxazole (Cain et al. 1993). Isoxaflutole disrupts pigment biosynthesis
by inhibiting /?-hyroxyphenyl pyruvate dioxygenase (HPPD) in susceptible plant
species (Luscombe et al. 1995). Susceptible weed species exhibit bleaching symptoms
followed by growth supression and necrosis. Bleaching, i.e., absence of both
carotenoid and chlorophyll pigments, of newly developed leaves results indirectly
from an inhibition of carotenoid biosynthesis. This herbicide is currently
recommended for weed control in com (Bhowmik et al. 1996; Bhowmik and Prostak
1997; Pallett et al. 1997; Luscombe et al. 1995; Rouchaud et al. 1998).
Isoxaflutole is chemically benzoyl isoxazole and it rapidly converts to a
diketonitrile (DKN) metabolite, by an opening of the isoxazole ring (Pallet et al.
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1997). The conversion to DKN takes place rapidly in plants and soil. This DKN
metabolite is likely the active herbicidal component and is a potent inhibitor of 4hydroxyphenyl pyruvate dioxygenase (HPPD) in plants (Pallett et al. 1997). DKN
then is metabolized to an inactive compound, benzoic acid, and finally at the very end
of the process forms carbon dioxide (Creange et al. 1998). In soil, isoxaflutole
undergoes rapid conversion to DKN and it is partially sensitive to light. In soil the
half-life of isoxaflutole is 20 hrs under light and 23 hrs under dark, while the half-life
of isoxaflutole is 40 hrs in light under aqueous photolysis conditions at 25 °C. The
half-life of DKN is over a month under dark soil photolysis conditions (Mitra et al.
1999a).
Before recommending the use of isoxaflutole, studies are essential to assess the
environmental impact of this herbicide. Since isoxaflutole rapidly converts to DKN in
soils, the fate of DKN in different soils must be determined. The aqueous solubility of
isoxaflutole is 6.2 mg L'1 at 20 °C, but its solubility increases to 326 mg L'1 as soon as
it is converted to its DKN metabolite (Mitra et al. 1999b). The chances of crop injury
as well as groundwater contamination due to leaching are more likely to occur with
DKN than isoxaflutole itself, because DKN has a longer half-life in soil and higher
water solubility than isoxaflutole.
The fate of pesticides in soil environment is governed by various transport,
retention, and transformation processes. These processes determine both the efficacy
of pesticides in controlling target organisms and their potential for adverse effects on
non-target organisms. Although retention includes all processes that prevent or reduce
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the movement of pesticides in soils, the primary means of retention is sorption of
pesticides on soil constituents (Koskinen and Harper 1990). In most soils and under
moist conditions, pesticides are sorbed on both organic and inorganic soil constituents.
The relative importance of organic vs. inorganic constituents depends on the amount,
distribution, and properties of those constituents and the chemical properties of the
pesticide (Laird et al. 1992).
Therefore, it is essential to study the influence of various edaphic factors such
as soil pH, organic matter, and adsorbed cations on the sorption of DKN. The
objectives of the study were to: (a) evaluate the effect of organic matter, soil pH, Ca2~
concentration, and clay content on the sorption of DKN and (b) determine the sorptive
behaviour of DKN by five different soils.

Materials and Methods

Experiments were conducted at the University of Massachusetts, Amherst with
five soils obtained from South Deerfield, MA; East Monroe, CO; Moorhead, MN;
Amherst, MA; and Chelsea, MI having a wide variation in their soil texture, pH,
organic matter, and cation exchange capacity (CEC) (Table 3.1).
l4C-ring labeled (98.7% pure) and technical grade (99.0% pure) DKN were
obtained from Rhone-Poulenc Secteur Agrochimie Company (14-20 Rue Pierre Baizet
B.P. 9163, 69263 Lyon Cedex 09, France). Radiolabeled DKN with a specific activity

42

Table 3.1 Physical and chemical properties of the soils used for the experiments with DKN. Each soil was collected from the
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of 24.6 mCj m mol'1 was added to non-radioactive solutions to give the required initial
solution concentrations (« 11,000 dpm ml'1).
Sorption experiments were conducted using batch equilibration technique in 8ml screw-cap vials with Teflon®-lined septa (Xing et al. 1996). An aqueous
suspension containing 0.01 M CaCl2 was used to mimic soil conditions, while 200 mg
L'1 HgCl2 was used as a bioinhibitor and the solution was adjusted to a pH of 6.7 (Xing
et ah, 1996). Wolf et al. (1989) reported that HgCl2 was equivalent to three times
autoclaving, yet had little impact on cation-exchange capacity, extractable metal ion
concentrations, and pH.
Preliminary sorption experiments were conducted for each soil to (i) determine
an appropriate solid/solution ratio for the more detailed subsequent sorption
experiments; and (ii) determine contact times required to attain sorption equilibria.
Based on the results of the preliminary studies, a fixed solid/solution ratio
designed to achieve 30 to 60% reductions in aqueous-phase solute concentrations
during sorption was calculated for each sorbent-solution system (Huang et al., 1998).
The solid/solution ratios were 0.88, 0.75, 0.63, 0.55, and 0.05 for the soils from South
Deerfield, MA; East Monroe, CO; Moorhead, MN Amherst, MA; and Chelsea, MI,
respectively. Two blanks without soils were run for each initial concentration.
Duplicate soil samples were used according to the predetermined solid/solution ratios
of the five different soils. Contact time for attainment of apparent sorption equilibria
was estimated to be 7 days. The term apparent here means that subsequent solution
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phase concentration changes were too small to measure over reasonable time periods
(days) of further elapsed time.
Suspensions were shaken mechanically at 25 ± 2° C in 8-ml amber-colored
glass vials to minimize photodegradation. The shaking was done in hematology
mixers (Fisher Scientific Co.) giving rocking-rotating motions for 7 days. Total initial
DKN solution concentrations for each soil were 0.25, 0.75, 2.0, 8.0, 25, 75, 150, and
250 mg L'1. After mixing, the vials were centrifuged at 900 g for 15 min and
supernatants were sampled. One-milliliter aliquots of the clear supernatants were
mixed with 12 ml of Scintiverse® scintillation cocktail (Fisher Scientific Co.), and the
amount of radioactivity was determined by liquid scintillation counting in a LS 3801
analyzer (Beckman Instruments).

Statistical Analyses
All data were subjected to analysis of variance (ANOVA) with the general linear
model (GLM) program of SAS (SAS Institute, 1989). Analyses were conducted to
test normality and significance (P < 0.05 and P < 0.01) of the Kp values for sorption in
all soils. Expected mean squares were calculated for all main effects and their
interactions (Damon and Harvey 1987). Error terms calculated with the expected
mean squares were used as denominators in the F tests. If the ANOVA did not reveal
significant interactions (P < 0.05) the data were pooled over replications and further
analyzed using regression. The significant interactions were partitioned and
subsequently regression techniques were used to find the correlation between the Kp
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values and soil properties. Standard deviation and 95% confidence intervals were
calculated for n and Kf values in all soils.

Results and Discussion

The samples had minimum vapor loss due to negligible headspace and because
there was no biodegradation (background solution had 200 mg L'1 HgCl2as a
bioinhibitor) and little or no sorption by glass vials, the sorbed DKN was calculated by
mass difference. Isotherms were constructed for all five soils and data were fitted to
Freundlich model,
x/m = Kf Cen
and the log-transformed form
log[x/m] = logKf+ nlogCe
where x/m is the sorbed concentration (mg kg'1), Kf is the Freundlich coefficient (Ln
mg1-'7 kg'1), Ce is the equilibrium concentration of sorbate (mg L'1), and n
(dimensionless) is a constant. Although this expression is empirical, n reflects the
curvature in the isotherm and may be considered to represent the energy distribution of
sorption sites (Farrell and Reinhard, 1994; Weber et al., 1992).
The parameters, Kf and n were determined by linear regression of logtransformed data. Linear fit of log-transformed data was justified over direct nonlinear
curve fitting as the concentrations were spread evenly over the log-scale, thus direct
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nonlinear curve fitting would underestimate the importance of the data obtained from
low concentrations (Xing 1998).
Sorption isotherm of DKN was nonlinear as indicated by the Freundlich
exponent (n < 1.0) in all the soils. The linearized form of Freundlich equation
reasonably described the sorption of DKN in all soils (r2 = 0.997 to 0.999) (Figure 3.1,
Table 3.2). This is because the Freundlich equation, although originally empirical,
implies that the affinity for sorption decreases exponentially with increasing solution
concentration, which is closer to reality (Sposito 1984; Sanyal et al. 1993).
The n values ranged from 0.881 to 0.985 in all the soils, suggesting a
differential distribution of site energy for DKN sorption. The sorption of DKN could
be explained by the Dual-Mode Model (DMM) (Xing and Pignatello 1996) or, the
Dual Reactive Domain Model (DRDM) (Huang and Weber 1998) rather than
partitioning as a dominant sorption mechanism. Similar n values have been observed
for other herbicides like atrazine, (2-chloro-4-ethylamino-6-isopropylamino-l,3,5triazine) (Laird et al. 1992; Mersie and Seybold 1996) and flumetsulam {N-(2,6difluorophenyl)-5-methyl[l,2,4]triazolo [l,5a]pyrimidine-2-sulfonamide} across a
wide range of soil types (Murphy and Shaw 1997). In our studies the Kp values
suggest that DKN was strongly sorbed to the Chelsea, MI soil followed by Amherst,
MA; Moorhead, MN; East Monroe, CO; and South Deerfield, MA.

Organic Matter
Stepwise regression was used to evaluate the relationship between DKN sorption and
soil properties. DKN sorption was highly correlated with organic matter content
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Figure 3.1 Sorption isotherms of DKN in different soils. The hollow circles indicate mean values.
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Table 3.2 Sorption coefficients (Kf), slope (n) and regression coefficients (r2) of DKN sorption by different soils.
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(r2 = 0.961). The regression between Kp values and soil organic matter indicated that
DKN sorption increased with an increase in organic matter content (Figure 3.2).
Similar effects of organic matter on the sorption of atrazine (Jenks et al. 1998) and
flumetsulam (Murphy and Shaw 1997) have been reported. Sorption of isoxaflutole
also increased with an increase in organic matter content (Mitra et al. 1999a), but the
Kp values indicated that isoxaflutole was more strongly sorbed than DKN on all soils,

probably due to lower aqueous solubility of isoxaflutole. Therefore, DKN has greater
leaching potential than isoxaflutole itself in soils with low organic matter content.
The net sorption constant (Krf) was determined for each soil at three
equilibrium concentrations (0.5, 10, and 175 g L'1) by dividing the amount of DKN
sorbed (x/m) by the equilibrium DKN solution. There was a correlation between the
organic matter content and Krf values at low (0.5 g L'1, r2 = 0.851), medium (10 g L'1,
r2 = 0.880), and high (175 g L'1, r2 = 0.903) equilibrium concentrations (Table 3.3).
However, across all soils, there was a decreasing trend in Kd values as the equilibrium
concentration increased.

Clay Content
The sorption of DKN was not influenced by the clay content as indicated by a
low regression coefficient (r2 = 0.230) (data not presented). The clay fraction of soil
and associated organic components have been shown to be responsible for the sorption
of many soil-applied pesticides (Barriuso et al. 1994). In soil, clay and organic
components are usually intimately associated such that their individual effects on
sorption are difficult to separate. However, mineral surfaces may be obscured by their
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log*:
Figure 3.2 Freundlich sorption coefficient (log/y as influenced by soil organic matter.
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Table 3.3 Sorption coefficients (logKp), organic matter content (OM), net sorption
constants {Kj) and regression coefficients (r2) for Kd vs organic matter content
of soils.

Soil sample

OM

log Kf*

Kef
•

Ce = 0.6

20

135 mg L'1

(%)

South Deerfield, MA

-0.985 (±0.017)

1.94

0.110

0.082

0.062

East Monroe, CO

-0.821 (±0.029)

2.45

0.153

0.140

0.116

Moorhead, MN

-0.761 (± 0.018)

3.61

0.183

0.145

0.122

Amherst, MA

0.481 (±0.011)

6.98

3.287

2.302

1.637

Chelsea, MI

0.809 (±0.019)

57.4

6.852

5.248

4.068

0.851

0.880

0.903

r2

‘"Numbers in parenthesis are the 95% confidence intervals (Cl) for logKf.
bKd= \x/m]/Ce.
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association with organic colloids (Cox et al. 1998). In soils, however, the intimate
association between the individual constituents may cause some modification of their
sorptive properties (Pusino et al. 1992).
Sorption of DKN in soils was found to be influenced primarily by organic
matter while clay components did not greatly affect the sorption process. Similarly
clay content appeared to have minimal effect on imazaquin {2-[4,5-dihydro-4-methyl4-(l-methylethyl)-5-oxo-l//-imidazol-2-yl]-3-quinolimecarboxylic acid) sorption by
soils from Alabama (Goetz et al. 1986).

Soil pH
A negative correlation (r2 = 0.947) was observed between Kp and soil pH
(Figure 3.3). DKN sorption decreased as the soil pH increased from 4.5 to 8.5 which
was demonstrated by the reduction in Kp values (Table 3.4). The strong binding of
DKN to the soil at lower pH may be due to low basicity of the isoxazole ring which
enables proton addition to DKN at low soil pH. Hence the sorption of DKN by cation
exchange is higher at low soil pH than soils at high pH. Our earlier studies
demonstrated that the sorption of isoxaflutole also decreases with an increase in soil
pH (Mitra et al. 1999a). Rouchaud et al. (1998) have reported that isoxaflutole
dissipation in soils is slightly faster at pH 7.2 than at 5.5, which is similar to our
observation for sorption of DKN and isoxaflutole in soils with low pH. It is possible
that at pH 8.5 some of the organic matter dissolves in the solution and this may
contribute to the reduction of Kp value. Similar findings have been reported by
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Soil pH
Figure 3.3 Freundlich sorption coefficient (KF) as influenced by soil pH.
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The soil was incubated for three weeks in order to obtain the required pH.

3.4 Sorption coefficients (Kf), slope (n) and regression coefficients (r2) of DKN in Amherst, MA soil

log Kf.

JL>
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Huang and Weber (1997) where they observed background dissolved organic matter at
PH < 7.0. Soil pH is a very important factor which affects the sorption and
degradation of herbicides in soil. The effects of soil pH and organic matter content on
flumetsulam sorption to soil are well documented (Fontain et al. 1991; Lehmann et al.
1992) and leaching is more likely in soils with low organic matter content and high pH
(Kleschick et al. 1992). Shaw and Murphy (1997) reported that flumetsulam mobility
across soils with similar organic matter content, increased as soil pH increased from
5.3 to 7.2. They attributed the increased mobility of flumetsulam to its ionic species at
pH > 7.2. Therefore, like many other herbicides and their metabolites the sorption of
isoxaflutole and DKN depends on organic matter content and soil pH.

Ca2+ Concentration
Instances of crop injury due to isoxaflutole application has been reported by
researchers in different soils of the mid-western United States. It was also observed
that those particular soils had an appreciable Ca2+ concentration and it could be
attributed to frequent liming which was not properly incorporated into the soil. As a
result the surface soil had a high concentration of Ca2^ and there was a speculation
about the role of calcium on the sorption of isoxaflutole and DKN on these soils.
The sorption of DKN increased as the Ca2+ concentration increased and it was
reflected by an increase in the Kf value (Figure 3.4). The slope of the DKN isotherm
(n value) increased from 0.881 to 0.893 as the Ca2+ concentration increased from 0.01

M to 0.1 M CaCl2. Concentration of Ca2+ had a significant effect on the sorption of
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Log \x/m\
Figure 3.4 DKN sorption isotherm in Amherst, MA soil with 0.1 M CaCl2 solution.
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DKN, however in an earlier study Mitra et al. (1999a) demonstrated minimal effect on
the sorption of isoxaflutole. We think that the increase in sorption of DKN at high
Ca2+ concentrations might be due to cationic bridges. Ca2+ can form cationic bridges
with the two oxygen atoms of the keto groups in DKN. These bridges might
contribute to an increase in DKN sorption but the role of Ca2+ concentration from the
crop injury standpoint may be ruled out. Since lime is the source of Ca2+ in most of
the soils we should be more concerned about the increase in soil pH rather than the
Ca2+ concentration.

Site Energy Distribution
The sorption of herbicides or any organic molecule is governed by the site
energy distribution of the sorbents. Isotherms on heterogeneous surfaces can be
summarized by;

where Qe defines the total sorption of a solute by a heterogeneous surface as the
integral of an energetically homogenous isotherm {qh), multiplied by a site energy
frequency distribution [F'(£)] over a range of energies, Ce the equilibrium
concentration of the solute, and E is the difference between the solute and solvent
adsorption energies for a given site (Carter et al., 1995; Misra, 1970; Jaroniec, 1975;
Cerfolini, 1974).
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Modifying the equation for energy we have

f°F(E)dE

Qe(Ce)=

where qh(E) F'(E) = F(E)
Cerofolini (1974) proposed a technique for determination of site energy
distributions in which the equilibrium liquid phase concentration is related to the
energy of adsorption by

- Cs exp

-[E

-

Es]

RT
-[E*]
or, CP = Cc expRT

where E is the net energy, Ce the equilibrium concentration of the solute, Cs the
maximum solubility of the solute, E is the difference between the solute and solvent
adsorption energies for a given site, and Es is that value of the sorption energy
corresponding to Ce = Cs, R is the universal gas constant, and T is the absolute
temperature. The Es reference state for E represents the lowest physically realizable
sorption energy, and its magnitude depends only on the solute, or in other words it is
independent of the sorbent (Carter et al., 1995)
The approximate site energy distribution, F(E ), is obtained by differentiating
qe(E*), with respect to E*.

- d qe (E*)
F(E*) =

d E*
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For Freundlich isotherms it can be modified as;

F(E) ~

KfCs" n

„„

RT

r~nE*i

exp[~ZT]
RT

The above equation has been satisfactorily used to calculate the site energy
distribution of organic chemicals and herbicides by different sorbents (Mitra et al.
1999b; Yuan and Xing 1999). At a particular E* value, the corresponding F(E*) values
follow the order Chelsea, MI > Amherst, MA > Moorhead, MN > East Monroe, CO >
South Deerfield, MA (Figure 3.5). The organic matter content of the soils also
decreases in the same order and hence, the site energy derivations emphasize the fact
that organic matter content of soils is the single most important factor which governs
the sorption process of DKN.

Thermodynamic Calculations
Biggar and Cheung (1973) studied the sorption of carboxylate pesticides in
soils. They regarded it as a process of partitioning between the bulk solution phase
and a surface phase. In our studies the sorption of isoxaflutole was primarily a
partitioning process as depicted by the n values in all soils (Table 3.2). This partition
process can be characterized by a distribution coefficient (K0) given by the following
equation (Greenland et al. 1965).
Ko ~ as / ae ~ Ys Cs / Ye Fe

where as indicates the activity of the sorbed solute, ae is the activity of the solute in
the equilibrium solution, ys is the activity coefficient of the sorbed solute, ye is the
activity coefficient of the solute in the equilibrium solution, Ce is the amount of solute
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F(E*) [jig(mol)/g(kJ)]
Figure 3.5 Site energy distribution of DKN sorption in different soils.
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sorbed and Cs is the equilibrium solute concentration. It is assumed that K0 is related
to the standard differential Gibbs free energy of sorption (AG*) in the limit of
infinitely dilute sorption solution (Sanyal et al. 1993). Thus,

lim — = Ka
Q-o Ce
0
when the ys terms approach unity, and
(AG*) = - RT[ln K0]
The value of K0 was obtained by plotting ln(C5 / Ce) vs. Cs, and then extrapolating to
zero Ce. The value of K0 was determined by the intercept (Sanyal et al. 1973).
The experiments were conducted at 25° C so the free energy was calculated at
the same temperature. Negative magnitude of AG* values indicates spontaneity of the
given sorption process in the soils from Amherst, MA and Chelsea, MI (Table 3.5).
These two soils had higher organic matter content and diketonitrile was sorbed more
strongly to these soils as indicated by the high Kf values.
In summary, the sorption of DKN was influenced by the organic matter content
and soil pH. The sorption of DKN increased with an increase in organic matter
content of the soils and a decrease in soil pH. Clay content had a minimal effect on
the sorption of DKN and the net sorption constant (Kj) was correlated to the organic
matter content of the soils. Sorption of DKN increased with an increase in Ca2+
concentration of the soil solution. Hence, the potential of leaching and crop injury
with DKN are higher in soils with low organic matter content and high pH since, the
major portion of DKN will remain in the soil solution.
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Table 3.5 Free energy for DKN sorption (AG*), sorption coefficient (<\ogKf), and
distribution coefficient (lnK0) at 25°C.

Soil sample

log Kf *

InK0

AG*
(kJ mol'1)

South Deerfield, MA

-0.985 (± 0.017)

-2.576

6.382

East Monroe, CO

-0.821 (± 0.029)

-2.346

5.811

Moorhead, MN

-0.761 (±0.018)

-1.778

4.403

Amherst, MA

0.481 (± 0.011)

1.355

-3.356

Chelsea, MI

0.809 (± 0.019)

1.824

-4.460

^Numbers in parenthesis are the 95% confidence intervals (Cl). For Kf, the CIs are
logKF(± Cl).
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The site energy distribution curves of DKN sorption emphasized the fact that
DKN binds more strongly to soils with higher organic matter content, than soils with
lower organic matter content. Larger proportion of DKN was retained by the high
organic matter content soils. Hence the rate of isoxaflutole can be adjusted according
to the physical and chemical properties of soil. Isoxaflutole application rate can be
reduced when it is used in low organic matter content soils and high pH soils.
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CHAPTER IV

DESORPTION OF THE DIKETONITRILE METABOLITE OF
ISOXAFLUTOLE FROM SOILS

Abstract

Isoxaflutole is a new pre-emergence corn herbicide that undergoes rapid
conversion to a diketonitrile derivative (DKN) in soils. Sorption-desorption studies
were conducted in 5 different soils varying in physical and chemical properties. A
batch equilibration technique was used with total initial aqueous solution
concentrations of DKN at 0.25, 0.75, 2.0, 8.0, 25, 75, 150, and 250 mg L'1. After the
sorption process, two subsequent desorptions were conducted with an equilibration
period of 7 days. A high correlation existed between the desorption coefficient, Kfd
and the organic matter content of soils (r2 = 0.844 for the first desorption and r2 =
0.861 for the second desorption ), while the clay content did not greatly influence the
desorption of DKN. Although the sorption of DKN was generally reversible, a
sorption-desorption hysteresis was apparent in all soils. The site energy distribution
curves emphasized the fact that DKN binds tightly to soils with higher organic matter
content and larger proportion of DKN was retained by the soils high in organic matter.

This paper has been accepted for publication by Environmental Pollution on July 8,
1999 (In Press).
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Introduction

Isoxaflutole, [4-(2-methanesulphonyl-4-trifluoromethylbenzoyl)-5-cyclopropyl
isoxazole], is a new pre-emergence herbicide which belongs to the isoxazole class of
herbicides (Cain et al. 1993).

Isoxaflutole is readily converted to a diketonitrile

derivative, [2-cyano-3-cyclopropyl-l-(2-methylsulphonyl-4-trifluoromethylphenyl)
propan-1, 3-dione] (DKN) by opening of the isoxazole ring (Pallett et al. 1997). The
conversion to DKN takes place in both plants and soil. In soil, the half-life of
isoxaflutole is 20 hrs in light and 23 hrs in dark, respectively while under aqueous
photolysis conditions it is 40 hrs in light. The half-life of DKN is over a month under
dark photolysis conditions (personal communication , Chris Leake, Rhone-Poulenc
Ag. Co. 1998).
Isoxaflutole has been reported to provide excellent selective control of both
grass and broadleaf weeds in com (Bhowmik et al. 1996; Luscombe et al. 1995).
Being a pre-emergence herbicide, isoxaflutole acts through the soil and therefore the
sorption-desorption processes play an important role in understanding its fate and
behavior in soil. The removal of herbicides from solution by sorption is a major factor
controlling herbicide activity, mobility, persistence, and environmental fate
(Wauchope and Koskinen, 1983; Weber and Peter, 1982).
To contaminate groundwater, herbicides must be transported from soil surfaces
through mineral horizons to the aquifer. To prevent groundwater contamination, it is
necessary to understand the mechanisms by which herbicides are retained and released
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from soil. Desorption studies determine the transport, transformation, and biological
availability of herbicides in soil environments (Barriuso et al. 1994).
Studies must be performed to assess the environmental impact of isoxaflutole
and DKN. Since isoxaflutole gets converted to DKN rapidly in soils, the fate of DKN
in different soils must be determined. The aqueous solubility of isoxaflutole is 6.2 mg
L'1 at 20 °C but the solubility of DKN is 326 mg L'1 (Mitra et al. 1999). The chances
of crop injury as well as groundwater contamination due to leaching are more likely to
occur with DKN than isoxaflutole itself, because DKN is an active herbicide with a
longer half-life and higher water solubility than isoxaflutole. Accordingly, the
objective of this paper was to study the desorption of DKN from different soils.

Methods and Materials

Experiments were conducted at the University of Massachusetts, Amherst with
five soils obtained from South Deerfield, MA; East Monroe, CO; Moorhead, MN;
Amherst, MA; and Chelsea, MI having a wide variation in their soil texture, pH,
organic matter, and cation exchange capacity (CEC).
14C-ring labeled (98.7% pure) and technical grade (99.0% pure) DKN were
received from Rhone-Poulenc Secteur Agrochimie Company (14-20 Rue Pierre Baizet
B.P. 9163, 69263 Lyon Cedex 09, France). Radiolabeled DKN with a specific activity
of 91.02 X 107 Bq mmol'1 was added to non-radioactive solutions to give the required
initial solution concentrations (« 11,000 dpm ml'1).
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Sorption

Sorption experiments were conducted using batch equilibration technique in 8ml screw-cap vials with Teflon®-lined septa (Pignatello and Xing 1996; Xing 1998;
Xing et al. 1996). An aqueous solution containing 0.01 M CaCl2 was used to mimic
soil conditions, while 200 mg L'1 HgCl2 was used as a bioinhibitor and the solution
was adjusted to a pH of 6.7 (Xing et al. 1994, 1996). Wolf et al. (1989) reported that
HgCl2 was equivalent to three times autoclaving, yet had little impact on cationexchange capacity, extractable metal ion concentrations, and pH.
A preliminary sorption experiment was conducted for each soil to: i).
determine an appropriate solid/solution ratio for the more detailed subsequent sorption
and desorption experiments; and ii). determine contact times required to attain sorption
and desorption equilibria.
Based on the results of each preliminary study, a fixed solid/solution ratio
designed to achieve 30-60% reductions in aqueous-phase solute concentrations during
sorption and 60-30% reductions in solid-phase solute concentrations (under ideal
reversible desorption conditions) was calculated for each sorbent-solution system
(Huang et al. 1998). The solid/solution ratios were 0.88, 0.75, 0.63, 0.55, and 0.05 for
the soils from South Deerfield, MA; East Monroe, CO; Moorhead, MN; Amherst,
MA; and Chelsea, MI, respectively. Two blanks without soils were run for each initial
concentration. Duplicate soil samples were used according to the predetermined
solid/solution ratios of the 5 different soils and the experiments were repeated twice.
Contact times for attainment of apparent sorption and desorption equilibria were
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determined to be 7 days. The term apparent here means that subsequent solution phase
concentration changes were too small to measure over reasonable time periods (days)
of further elapsed time.
Total initial DKN solution concentrations for each soil were 0.25, 0.75, 2.0,
8.0, 25, 75, 150, and 250 mg L'1. Suspensions were shaken mechanically for 7 days at
25 ± 2° C in 8-ml amber colored glass vials to reduce photodegradation. The shaking
was achieved using hematology mixers (Fisher Scientific Co.) which provided a
rocking-rotating motion. After mixing, the vials were centrifuged at 900 g for 15 min
and supernatants were sampled. One-mL aliquots of the clear supernatants were
mixed with 12 mL of Scintiverse® scintillation cocktail (Fisher Scientific Co.), and
radioactivity was determined by liquid scintillation counting in a L S 3801 analyzer
Beckman Instruments).

Desorption
Desorption studies were conducted immediately after the 7 day sorption at each
concentration for all the five soils. Desorption experiments were conducted at 25 ± 2°
C using completely-mixed batch reactor (CMBR) systems as described by Huang et al.
(1998). A typical data set for a desorption isotherm included 16 points spanning about
two orders of magnitude in aqueous-phase solute concentration. Each point
represented an individual CMBR experiment conducted at a constant solid/solution
ratio but a different initial aqueous-phase solute concentration.
In the CMBR system, desorption was accomplished using a conventional
decant and refill method (Mersie and Seybold, 1996). After sampling, the remaining
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supernatant was decanted and replaced with an equal volume of fresh 0.01 M CaCl2
and 200 mg L'1 HgCl2 as a background solution. The exact volume was calculated by
weighing. The tubes were placed on the hematology mixers for 7 days, which allowed
the sorbed-phase solute to desorb to the fresh solution until a new equilibrium
condition was reached. After mixing, the vials were centrifuged at 900 g for 15 min
and supernatants were sampled. One-mL aliquots of the clear supernatants were
mixed with 12 mL of Scintiverse® scintillation cocktail, and the amount of
radioactivity was determined by liquid scintillation counting. The amount of solute
that remained sorbed to the soil was calculated by difference between the supernatant
solution concentration and the amount previously sorbed on soil. The process was
repeated for an additional 7-day desorption period.

Statistical Analyses
All data were subjected to analysis of variance (ANOVA) with the general linear
model (GLM) program of SAS (SAS Institute, 1995). Analyses were conducted to
test normality and significance (P < 0.05 and P < 0.01) of the /^values for sorption
and desorption processes in all soils. Expected mean squares were calculated for all
main effects and their interactions (Damon and Harvey 1987). Error terms calculated
with the expected mean squares were used as denominators in the F tests. If the
ANOVA did not reveal significant interactions (P < 0.05) the data were pooled over
replications and further analyzed using regression. The significant interactions were
partitioned and subsequently regression techniques were used to find the correlation
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between the Kp values and soil properties. Standard deviation and 95% confidence
intervals were calculated for n and Kp values in all soils.

Results and Discussion

Previous studies have revealed little sorption by glass vials (< 1%) and since
there was no biodegradation (background solution had 200 mg L'1 HgCl2) (Pignatello
and Xing 1996; Xing 1998), sorbed DKN was calculated by mass difference. The
amount of DKN sorbed to the soil after equilibration was calculated from the
difference between the initial and equilibrium solution concentrations. Isotherms were
constructed for all 5 soils and data were fitted to Freundlich’s model,

x/m = Kp Cen
and the log-transformed form,

log [x/m] = logKp+ n logCe
where x/m is the sorbed concentration (mg kg'), Cg is the equilibrium concentration of
sorbate (mg L'1), Kp is the Freundlich coefficient (Ln mg]~n kg'1) and n
(dimensionless) is a constant. Although this expression is empirical, n reflects the
curvature in the isotherm and may be taken to represent the energy distribution of
sorption sites (Farrell and Reinhard, 1994; Weber et al. 1992).
The parameters, Kp and n were determined by linear regression of logtransformed data. Linear-fit of log-transformed data was justified over direct nonlinear
curve fitting as the concentrations were spread evenly over the log-scale, thus
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nonlinear curve fitting would underestimate the importance of the low concentration
data (Xing, 1998). The Freundlich model was used to fit the data for both the
desorption processes.

Sorption
The data fit Freundlich isotherm well as indicated by the high regression
coefficients (r2 = 0.997 to 0.999) (Table 4.1). The Kf values suggest that DKN sorbed
most strongly to Chelsea, MI soil, followed in decreasing order by Amherst, MA;
Moorhead, MN, East Monroe, CO; and South Deerfield, MA soils. The organic
matter content of the soils decreases in the same order. Therefore, it can be stated that
the sorption of DKN increased with an increase in the organic matter content of the
soils. In an earlier study, we found that the sorption of isoxaflutole increased with an
increase in organic matter content of soils (Mitra et al. 1999). Similar effects of
organic matter on the sorption of atrazine and its metabolites, deethylatrazine, [2amino-4-chloro-6-(isopropylamino)-triazine]; deisopropylatrazine, [2-amino-4-chloro6-(ethylamino) triazine]; and hydroxyatrazine, [2-amino-4-chloro-6-(ethylamino)
triazine] have been reported (Mersie and Seybold, 1996).

Desorption
The data from the first and second desorption experiments fit Freundlich
isotherms well as indicated by high regression coefficients (Table 4.2 and 4.3). The
desorption isotherms during the first and second desorption were nonlinear in Chelsea,
MI; Amherst, MA; Moorhead, MN; and South Deerfield, MA soils as depicted by the
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Table 4.1 Sorption coefficients (Kf), slope (n) and regression coefficients (r2) of DKN sorption by different soils.
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n values. On the other hand, in the East Monroe, CO soil desorption isotherms were
linear (nj = 0.992, n2 = 1.01). Slopes of the isotherm during the first desorption
process were larger than the corresponding slopes for sorption in all soils, except the
South Deerfield, MA soil, which had the least amount of organic. During the second
desorption process the slopes of the isotherm were larger than the corresponding
slopes during the first desorption process in all soils matter (Table 4.2 and 4.3). The n
values refer to the linearity of the isotherms and an increase in n values was observed
during second desorption, but the difference was not significant in all soils. The Kp
values for the first desorption process (Kpdi) were higher than the Rvalues for the
sorption process (Table 4.1 and 4.2). Similarly, the K/r values for the second
desorption process (Kpd2) were higher than the Kp values for the first desorption
process (Kpdl ) (Table 4.2 and 4.3). Larger Kpd values indicate a greater affinity for
DKN and larger proportion of the DKN being retained by the soil during desorption,
compared to sorption at the same equilibrium concentration.

Organic Matter
During the first and second desorption process Kpd values increased with an
increase in organic matter content of the soils (r2 = 0.844 and r2 = 0.861) (Table 4.2
and 4.3). Larger Kpd values in Amherst, MA and Chelsea, MI soils indicate larger
amounts of non-desorbable DKN on these two soils than on the South Deerfield, MA;
East Monroe, CO; and Moorhead, MN soils. Soils with relatively higher organic
matter content will have greater affinity for DKN and hence, the availability and
release of DKN will be less in these soils compared to soils with lower organic matter
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Table 4.2 Desorption coefficients (Kfdl), slope (n) and regression coefficients (r2) of DKN during the first desorption.
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Table 4.3 Desorption coefficients {Kpd2)^ slope («) and regression coefficients (r2) of DKN during the second desorption.
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content. A decline in availability and subsequent release has toxicological
significance and is important in assessing risk from different pesticides in soils.
The relationship between organic matter content of soil and the release of
phenanthrene was studied by Nam et al. (1998). They reported that organic matter
content of soil is a major determinant in the release of phenanthrene. It has been
suggested that the mechanism of release of hydrophobic compounds entails their
partitioning into the organic fraction of soil. Moreover, the extent of sorption of such
compounds is related to the organic matter content of the soil (Chiou 1989; Nam et al.
1998). Release of organic molecules is reflected by slow sorption/desorption of
organic compounds and has been postulated to be a reflection of partitioning into soil
organic matter or penetration into small pores (Pignatello and Xing, 1996; Nam et al.
1998).

Soil Texture
Montmorillonitic clay minerals were found to be active in the sorption of
imidacloprid, [l-{(6-chloro-3-pyrimidinyl)-methyl}-A^-nitro-2-imidazolidinimine]
(Cox et al. 1998) while Laird et al. (1992) reported that smectites influence the
sorption behavior of atrazine. In our study, the desorption of DKN was not influenced
appreciably by clay content as depicted by a low regression coefficient (r2 = 0.230 for
the first desorption and r2 = 0.260 for the second desorption). Previous studies on the
sorption, persistence and mobility of isoxaflutole in soils containing 2% or more
organic matter were found to be correlated by soil organic matter content and not by
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the soil texture (Rouchaud et al. 1998). These observations are consistent with our
desorption results.
In soil, clay and organic components are usually intimately associated such
that their individual effects on sorption are difficult to separate. However, mineral
surfaces may be obscured by their association with organic colloids. Sorption of
imidacloprid on soil clays decreased after removal of organic matter (Cox et al. 1998).
In our studies, desorption of DKN in soils was found to be influenced primarily by
organic matter while clay components did not greatly affect the desorption process.

Hysteresis

Sorption and desorption of DKN by the five soils are characterized by their
corresponding isotherms (Figure 4.1). For all the soils, one sorption isotherm (solid
line with hollow circles), and two desorption isotherms (solid squares for the first and
solid triangles for the second) are shown. Although the sorption of DKN was shown
to be generally reversible, a sorption-desorption hysteresis was apparent for all soils
(Figure 4.1). The amounts of desorbed DKN were smaller than would be predicted
from the sorption isotherm in all soils. This is called “positive hysteresis” and
suggests that a fraction of the sorbed DKN is tightly bound to the soil particles and
does not readily desorb.
Similar hysteresis for atrazine from smectites has been reported (Barruiso et al.
1994, Celis et al. 1997, Mersie and Seybold, 1996). Such differences in isotherms
may be caused by several factors including changes in solution composition, loss of
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herbicide due to degradation, and irreversible binding of herbicide to soil. Non¬
attainment of equilibrium could contribute to hysteresis as the rate of desorption is
slow. However, the most likely cause for hysteresis in soils with relatively high
organic matter content is irreversible binding (Mersie and Seybold, 1996), which is
supported by our experimental results.

Energy Distribution

The sorption and desorption processes of herbicides or any organic molecule is
governed by the site energy distribution of the sorbents. Isotherms on heterogeneous
surfaces can be summarized by;

Qe(Ce) = [qh(E, Ce)F'(E)dE
where Qe defines the total sorption of a solute by a heterogeneous surface as the
integral of an energetically homogeneous isotherm (qh), multiplied by a site energy
frequency distribution [F'(£)] over a range of energies, Ce the equilibrium
concentration of the solute, and E is the difference between the solute and solvent
adsorption energies for a given site (Carter et al. 1995; Misra, 1970; Jaroniec, 1975;
Cerfolini, 1974). Modifying the equation for energy we have;

Qe (Ce) =

J> (E) dE

where qh(E) F' (E) = F(E)
Cerofolini (1974) proposed a technique for determination of site energy
distributions in which the equilibrium liquid phase concentration is related to the
energy of adsorption.
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= Cs exp

~[E - E, J
RT

or, Ce = Cs exp

-JEV
RT

)|( §
• • •
•
where E is the net energy, Ce the equilibrium concentration of the solute, Cs the
maximum solubility of the solute, E is the difference between the solute and solvent
adsorption energies for a given site, and Es is that value of the sorption energy
corresponding to Ce = Cs, R is the universal gas constant, and T is the absolute
temperature. The Es reference state for E represents the lowest physically realizable
sorption energy, and its magnitude depends only on the solute, or in other words it is
independent of the sorbent (Carter et al. 1995)
The approximate site energy distribution, F(E ), is obtained by differentiating

qe(E*), with respect to E*.
-d qe(E*)

F(E*) =

d E*

For Freundlich isotherms it can be modified as;

F(E*) =

RT

expC^]
RT

The above equation has been satisfactorily used to calculate the site energy
distribution of organic chemicals and herbicides by different sorbents (Mitra 1999;
Yuan and Xing 1999). The equilibrium concentrations used in the experiments ranged
from 0.23 to 235 mg L1. Using the above equation the energy of adsorption ranged
from 0.81 to 17.97 kJ mol'1. The energy distribution during the first and second
desorption processes of DKN from various soils are represented in Figures 4.2 and 4.3.
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The site energy distribution curves emphasize the facts that DKN binds tightly to soils
with high organic matter content and greater proportion of DKN is retained by those
soils, as illustrated by the curves. At a particular E* value, the corresponding F(E*)
values follow the order Chelsea, MI > Amherst, MA > Moorhead, MN > East Monroe,
CO > South Deerfield, MA in both desorptions. For example during the first
desorption when the E* was 8.0 kJ mol'1 the corresponding value of F(E*) was 0.45,
1.16, 1.99, 12.95, and 28.59 pg mol g'1 kJ'1 in South Deerfield, MA; East Monroe, CO;
Moorhead, MN; Amherst, MA; and Chelsea, MI soils, respectively. The F(E*) values
decreased with a decrease in organic matter content of the soils and the trend was
similar in both the desorption processes.
In summary, there was a high correlation between the desorption coefficient,

Kpd and the organic matter content of soils (r2 = 0.844 for the first desorption and r2 =
0.861 for the second desorption), while the clay content did not greatly influence the
desorption of DKN. Although the sorption of DKN was shown to be generally
reversible, a sorption-desorption hysteresis was apparent for all soils. The site energy
distribution curves emphasized the facts that DKN binds tightly to soils with higher
organic matter content and a greater proportion of DKN was retained by those soils.
Soils with relatively higher organic matter content will have greater affinity for DKN
and therefore, the availability of DKN will be less in these soils compared to soils with
lower organic matter content. Thus, the leaching potential for the diketonitrile
metabolite of isoxaflutole is lower in soils with greater organic matter content.
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and microporous structures within inorganic components of soil aggregates (Farrell
and Reinhard 1994); and (iii). entrapment of sorbed molecules within soil organic
matrices (Carroll et al. 1994).
The objectives of this paper was to study the sorption-desorption hysteresis of
the DKN by different soils varying in physical and chemical properties.

Materials and Methods

Experiments were conducted at the University of Massachusetts, Amherst with
five soils obtained from South Deerfield, MA; East Monroe, CO; Moorhead, MN;
Amherst, MA; and Chelsea, MI having a wide variation in their soil texture, pH,
organic matter, and cation exchange capacity (CEC).
14C-ring labeled (98.7% pure) and technical grade (99.0% pure) DKN were
obtained from Rhone-Poulenc Secteur Agrochimie Company (14-20 Rue Pierre Baizet
B.P. 9163, 69263 Lyon Cedex 09, France). Radiolabeled DKN with a specific activity
of 24.6 mCj m mol'1 was added to non-radioactive solutions to give the required initial
solution concentrations (« 11,000 dpm ml'1).

Sorption
Sorption experiments were conducted using batch equilibration technique in 8ml screw-cap vials with Teflon®-lined septa (Xing and Pignatello 1996). An aqueous
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hematology mixers (Fisher Scientific Co.) giving rocking-rotating motions for 7 days.
Total initial DKN solution concentrations for each soil were 0.25, 0.75, 2.0, 8.0, 25,
75, 150, and 250 mg L'1. After mixing, the vials were centrifuged at 900 g for 15 min
and supernatants were sampled. One-milliliter aliquots of the clear supernatants were
mixed with 12 mL of Scintiverse® scintillation cocktail (Fisher Scientific Co.), and the
amount of radioactivity was determined by liquid scintillation counting in a LS 3801
analyzer (Beckman Instruments).

Desorption
DKN studies were conducted every 7 days for four subsequent desorptions
immmediately after a sorption experiment. Three concentrations of DKN at 0.75, 25
and 150 mg L'1 were selected on the sorption isotherm to initiate the desorption
isotherms. Desorption experiments were conducted at 25 ± 2° C using completelymixed batch reactor (CMBR) systems as described by Huang et al. (1998). Each point
represented an individual CMBR experiment conducted at a constant solid/solution
ratio, but with a different initial aqueous-phase solute concentration.
In the CMBR system, desorption was accomplished using a conventional decant
and refill method (Mersie and Seybold 1996). At the end of the sorption experiments,
samples were centrifuged and the clear supernatant solution was decanted.
Subsequently the supernatant was replaced with an equal volume of fresh 0.01 M CaCl2
and 200 mg L'1 HgCl2 as a background solution. The exact volume was calculated by
weighing. The tubes were placed on the hematology mixers with rocking-rotating
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motions for 7 days. This allowed the sorbed-phase solute to desorb to the fresh solution
until a new equilibrium condition was reached. After mixing, the vials were
centrifuged at 900 g for 15 min and supernatants were sampled. One-milliliter aliquots
of the clear supernatants were mixed with 12 mL of Scintiverse® scintillation cocktail,
and the amount of radioactivity was determined by liquid scintillation counting. The
amount of solute that remained sorbed to the soil was calculated by difference between
the supernatant solution concentration and the amount previously sorbed on soil.

Results and Discussion

The samples had minimum vapor loss due to negligible headspace and because
there was no biodegradation (background solution had 200 mg L'1 HgCl2 as a
bioinhibitor) and little or no sorption by glass vials, the sorbed DKN was calculated by
mass difference. Isotherms were constructed for all five soils and data were fitted to
Freundlich model,
x/m = Kp Cen

and the log-transformed form,
log [x/m] = logKp+ n logCe

where x/m is the sorbed concentration (mg kg1), Kp is the Freundlich coefficient (Ln
mg1-*2 kg'1), Ce is the equilibrium concentration of sorbate (mg L'1), and n
(dimensionless) is a constant. Although this expression is empirical, n reflects the
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curvature in the isotherm and may be considered to represent the energy distribution of
sorption sites (Farrell and Reinhard 1994; Weber et al. 1992).
The parameters, Kp and n were determined by linear regression of logtransformed data. Linear fit of log-transformed data was justified over direct nonlinear
curve fitting as the concentrations were spread evenly over the log-scale, thus direct
nonlinear curve fitting would underestimate the importance of the low concentration
data (Xing, 1998a).

Sorption and Desorption Isotherms
The sorption and desorption isotherms were nonlinear in nature as depicted by
the n values (n < 1.0). The sorption and desorption data fit Freundlich model well as
reflected by the high correlation coefficients (r2). Soils with relatively high organic
matter had greater affinity for DKN compared to soils with lower organic matter
content (Mitra et al. 1999). Hence the potential for crop injury and leaching through
the soil will be less in soils with high organic matter content.

Hysteresis
Hysteresis is one of several manifestations of non-ideal behavior that challenge
assumptions associated with the application of sorption models to interaction of
hydrophobic organic chemicals with soils (Huang et al. 1998). The amount of DKN
desorbed was smaller than would be predicted from the sorption isotherm for all soils.
This phenomenon is called “positive hysteresis” and suggests that a portion of the
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sorbed DKN is tightly bound to the soil particles and does not desorb readily (Figure
5.1). Koskinen and Harper (1990) have reported irreversible binding of herbicides in
the soil matrix. Similar sorption-desorption hysteresis with atrazine, (2-chloro-4ethylamino-6-isopropylamino-l,3,5-triazine) has been reported (Barriuso et al. 1994;
Celis et al. 1997; Mersie and Seybold 1996). Such differences in isotherms may be
caused by several factors including changes in solution composition, loss of herbicide
due to degradation, and irreversible binding of herbicide to soil. Non-attainment of
equilibrium could also contribute to hysteresis as the rate of desorption is slow (Mersie
and Seybold 1996).
In our experiments we can rule out the effect of biodegradation in 7days of
equilibration since we used 200 mg L'1 of HgCl2 as a bioinhibitor. We used the same
background solution of 0.01 M CaCl2 and therefore the effect of change in solution
composition was negligible. The influences of 0.01 M CaCl2 and other solutions on
desorption of atrazine have been reported to be negligible in earlier studies (Clay and
Kokinen 1990), which is consistent with our results.
Hysteresis indices for the sorption-desorption of DKN in all soils was calculated
using two different methods. According to O’Connor et al. (1980) the ratio of
Freundlich exponents, ndes/nsorp, gives an indication of the sorption-desorption
hysteresis. Theoretically, if there is no hysteresis, n^es/nsorp = 1 and positive
hysteresis would be characterized by nrfes/nSorp < 1. In case of negative hysteresis,
ndes^nsorp > 1 (Barriuso et al. 1994). In our studies with five soils, ndes/nsorp < 1

which indicates “positive hysteresis” (Table 5.1). Observed hysteresis phenomena
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Figure 5.1 DKN sorption followed by four subsequent desorptions at three different concentrations.
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using O’Connor et al.’s method.

exponents for sorption and desorption [from 0.25, 25, and 150 mg L'1 equilibrium DKN concentrations (Q)] isotherms

Table 5.1 Freundlich sorption and desorption isotherm parameters and hysteresis indices based on the ratio between Freundhch

have been explained as the result of entrapment of sorbed molecules in meso- and/or
microporous mineral surfaces or soil organic matter within soil aggregates due to slow
rates of desorpion and pore structure heterogeneity (Huang et al. 1998). The soils used
in our experiments were different from each other in physical and chemical properties.
The heterogeneity of natural particles as a sorptive and diffusive medium in these soils
may have contributed to the sorption-desorption hysteresis phenomenon.
In another method Huang et al. (1998) have used the following equation to calculate
sorption-desorption hysteresis index (HI).

Hysteresis Index =

[5.1]

For convenience of comparisons they defined a residual-concentration-specific relative
where qes and qed and are solid-phase solute concentrations for the single-cycle
sorption-desorption experiments and the subscripts T and Ce specify constant
conditions of temperature and residual solution phase concentration, respectively.
Eight initial DKN concentrations were used to construct the sorption isotherm and
subsequently desorptions were conducted from all the sorption equilibrium
concentrations. Desorption isotherm was constructed for the first sorption-desorption
cycle. Then the Freundlich isotherm parameters of this first sorption-desorption cycle
were used to calculate qed in equation 5.1. The HI values at 25° C were calculated for
each soil using the Freundlich model sorption and desoprtion parameters for the first
sorption-desorption cycle at three concentration levels ( 0.75, 25, and 150 mg L ')
(Table 5.2).
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indices of DKN sorption and desorption during the first sorption-desorption cycle using Huang et al.'s method.

Table 5.2 Sorption and desorption coefficients (logKfsorp and logKFdes), slope (n), regression coefficients (r2), and hysteresis

Though both O’Connor et al. (1980) and Huang et al. (1998) have used the
same term Hysteresis Index (HI) to quantify the extent of hysteresis they are actually
two different methods. In O’ Connor et al.’s method, subsequent desorptions have to
be conducted for selected equilibrium concentrations, while in Huang et al.’s method a
single sorption-desorption cycle is used taking into account each and every
equilibrium concentration. We used both approaches to calculate the extent of
hysteresis in all the five soils.
Careful observation of the data revealed an increasing trend in the HI values
calculated by Huang et al.’s method (1998) with an increase in concentration (Table
5.2). This can be explained if we use the dual-mode conceptualization of organic
matter. Solid state organic matter is depicted as an amalgam of rubbery and glassy
phases. Both phases have dissolution domains, but the glassy phase also has holes
(adsorption like sites) where specific interactions occur. Holes are conceptualized as
cavities or microvoids and the binding is possibly analogous to host-guest inclusion
complexes (Xing and Pignatello 1997).
Sorbing molecules can diffuse into and out of highly oxidized local soil
organic matter regions, that are completely hydrated, swollen, and amorphous (Huang
and Weber 1997). Pores within such swollen matrices are sufficiently flexible to
accommodate organic solute molecules like DKN as their aqueous phase concentration
increase. However the condensed local soil organic matter domains favor solutesorbent interactions dominated by van der Waals forces rather than interactions with
polar water molecules (Huang and Weber 1997). Under aqueous conditions, water
molecules are unlikely to penetrate and expand or swell such hydrophobic matrices.
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At the same time, hydrophobic sorbate molecules can expand or penetrate condensed
soil organic matrices particularly at high qe when molecules can generate “tenant
pores” in which they reside.
This matrix expansion is likely rate-controlled by non-Fickian diffusion phenomena;
i.e., the higher the aqueous-phase solute concentration, the greater the diffusion
coefficient and the faster the penetration process (Huang et al. 1998). Thus, diffusion
at higher solute concentrations is faster than at lower concentrations (Xing 1998b).
The sorption-desorption hysteresis is a function of residual aqueous-phase solute
concentration, probably because of non-Fickian diffusion of sorbing molecules within
condensed glassy domains or organic matter. During desorption, the aqueous-phase
solute concentration is decreased abruptly, and rates of such diffusion processes
became accordingly slower, potentially yielding desorption hysteresis (Huang and
Weber 1997). Our data also exhibited the same trend and we hypothesize that at low
solute concentrations there was no change in matrix and a larger portion of the sorbed
DKN could desorb, at the same rate of sorption, but at high solute concentrations the
swollen “tenant pores” collapsed due to the reduced concentration in the matrix
thereby trapping the DKN and led to more hysteresis.
Nam et al. (1998) have studied the relationship between the organic matter
content of soil and the sequestration of phenanthrene. They reported that organic
matter content of soil was a major determinant of sequestration and we observed
similar results with organic matter, but it was not the only determining factor in the
hysteresis phenomenon. Soils from East Monroe and Moorhead had lower organic
matter content than the Amherst and Chelsea soils, however, they exhibited greater
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hysteresis as reflected by the HI values calculated by Huang et al.’s method (Figure
5.1, Table 5.2). The East Monroe and Moorhead soils had higher clay content than the
Amherst and South Deerfield soils and might have contributed to the hysteresis. The
clay content of all the soils except the one from Chelsea, had a high correlation with
the HI values calculated by Huang et al.’s method (1998) which was reflected by the
high regression coefficients for all three concentrations (Figure 5.2).
The soil from Chelsea had a very high organic matter content (57.4%) and
hence the sorption and desorption process would be dominated by the organic matter
rather than the clay content because organic matter is the predominant sorbent of
organic chemicals (Chiou 1989).
In soils low in organic matter, pesticide sorption and desorption by clay
minerals may strongly influence the fate of pesticides in soil environments (Barriuso et
al. 1994). In soil, clay and organic components are usually intimately associated such
that their individual effects on sorption are difficult to separate. However, mineral
surfaces may be obscured by their association with organic colloids (Cox et al. 1998).
The association of clay minerals and soil organic matter comprises a composite of
swollen condensed domains (Huang and Weber 1998). These condensed domains
creates many micro and macro pores which sorb DKN and entrap them leading to
sorption-desorption hysteresis. Barriuso et al. (1994) reported sorption-desorption
hysteresis of atrazine (2-chloro-4-ethylamino-6-isopropylamino-l,3,5-triazine) in
smectites and our results indicate a similar effect of clays on the hysteresis of DKN.
Another important factor is the quality of organic matter. The relationships
between the chemical and structural characteristics of associated organic matter and
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Figure 5.2 Hysteresis index as influenced by the clay content of the soils.
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the sorption-desorption hysteresis has been reported by Huang and Weber (1997).
They found that the sorption affinities of organic matter for phenanthrene as well as
their respective isotherm nonlinearities and hysteretic behavior were correlated
inversely to the oxygen/carbon atomic ratios. In our experiments, the quality of
organic matter might have a role in the sorption-desorption hysteresis of DKN.
Qualitative analysis of organic matter of all the soils needs to be done in order to
correlate the hysteresis phenomenon with the quality of organic matter. There was no
correlation between the organic matter content and HI values calculated by Huang et
al’s method (1998). Hence, the quality rather than the quantity of organic matter alone
contributed to the hystersis.
The apparent sorption-desorption hysteresis exhibited by younger humus-rich
materials is significantly less than that exhibited by geologically older shale and
kerogen materials (Huang and Weber 1997). Huang and Weber (1997) studied the
sorption-desorption hysteresis of phenanthrene in Michigan peat and Chelsea humic
acids. The hysteresis index was smaller in the Chelsea humic acid compared to the
older, aged diagenetically modified organic matter (Huang and Weber 1997). The
Chelsea soil was a younger humus-rich soil with lower proportion of condensed
domains and we observed similar results with the sorption-desorption hysteresis of
DKN in this soil.
In summary, an apparent sorption-desorption hysteresis was observed in all the
soils. The extent of hysteresis was measured by hysteresis indices calculated by two
different methods. Organic matter content along with the clay content of the soils
were the two determining factors in the hysteresis phenomenon. The quality rather

than the quantity of organic matter alone contributed to the hysteresis. In soils with
high organic matter content the sorption-desorption hysteresis is mainly governed by
organic matter content, but in soils with low organic matter, clay content plays an
important role in hysteresis. Except the Chelsea soil which had a very high organic
matter content (57.4%), all the other soils exhibited a high correlation between the clay
content and HI values at 0.75 (r2 = 0.960), 25 (r2 = 0.934), and 150 mg L'1 (r2 = 0.928).
In conclusion, the potential for leaching through soil and crop injury due to
isoxaflutole and DKN would decrease as soil organic matter and clay content
increased.
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CHAPTER VI

SPECTROSCOPIC STUDY OF THE SORPTION OF ISOXAFLUTOLE AND
ITS DIKETONITRILE METABOLITE IN SOILS

Abstract

Isoxaflutole is a new pre-emergence herbicide which is being recommended for
both grass and broadleaf weed control in corn. Isoxaflutole rapidly converts to a
diketonitrile metabolite (DKN) which has a longer half-life in soil. Diffuse reflectance
Fourier transform infrared (DRIFT) spectroscopy was used to study the sorption of
isoxaflutole and DKN in different soils. A variety of bands characteristic of the
molecular structures and functional groups have been identified for both compounds.
The development of an attachment mounted onto FTIR spectrophotometer has allowed
the determination of diffuse reflectance Fourier transformed infrared (DRIFT) spectra.
Bands indicative of aliphatic C-H, carboxyl, nitrile, sulphonyl functional groups,
aromatic C = C, and C-0 stretch were prominent and well resolved. Isoxaflutole was
characterized by a prominent carbonyl stretching frequency, C = 0 (1670 cm'1) while
DKN was characterized by a prominent nitrile absorbance band (2217 cm'1) and a high

This chapter has been submitted to Bulletin of Environmental Contamination in July

intensity of carbonyl stretching frequency (1569 - 1502 cm'1). The C = O frequencies
for ketones are affected by intermolecular hydrogen bonding of the sorbent proton
with the free pair of electrons on the carbonyl oxygen atom. The DKN molecule has
two keto groups and a ketoenol group may be formed due to tautomerizm.
Intramolecular hydrogen bonding can result due to this ketoenol type formation. The
intensity of the C = O stretching frequency increased and a shift in the C = 0
frequency was observed. The ketoenol isomer and the presence of other functional
groups is responsible for this shift. A decrease in the absorbance of 1020 -to- 1040
cm'1 wavenumber was observed with an increase in the organic matter content of the
soils. The reduction can be explained by a reduction of the Si-O-Si functionalities as
the mineral content of the soils decreased. When isoxaflutole and DKN were added to
soil the carbonyl stretching frequency decreased as observed by a shift in the
frequency. The lower shift of the carbonyl frequency indicates the presence of
hydrogen bonds between the keto groups and the soil particles.

Introduction

Isoxaflutole, [4-(2-methanesulphonyl-4-trifluoromethylbenzoyl)-5-cyclopropyl
isoxazole], is a new preemergence herbicide which belongs to the isoxazole class of
herbicides (Cain et al. 1993).

Isoxaflutole is chemically benzoyl isoxazole and it

rapidly converts to a diketonitrile derivative (DKN), [2-cyano-3-cyclopropyl-l-(2methylsulphonyl-4-trifluoromethylphenyl) propan-1, 3-dione] by opening of the
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isoxazole ring (Pallett et al. 1997). The conversion to DKN takes place in both plants
and soil. In soil, isoxaflutole undergoes rapid conversion to DKN and it is partially
sensitive to light. In soil, the half-life of isoxaflutole is 20 hrs in light and 23 hrs in
dark, respectively (personal communication , Chris Leake, Rhone-Poulenc Ag. Co.
1998) , while under aqueous photolysis conditions it is 40 hrs in light (Mitra et al.
1999) .
Isoxaflutole has been reported to provide excellent selective control of both
grass and broadleaf weeds in com (Bhowmik et al. 1996; Luscombe et al. 1995).
Being a pre-emergence herbicide, isoxaflutole acts through the soil and therefore
sorption process plays an important role in understanding its fate and behavior in soil.
Soils are heterogeneous systems and they have a tremendous capacity to sorb
chemicals particularly the applied herbicides. The removal of herbicides from solution
by soprtion is a major factor controlling herbicide activity, mobility, persistence, and
environmental fate (Wauchope and Koskinen, 1983; Weber and Peter, 1982).
Fourier Transform Infrared (FTIR) spectroscopy is a well established tool for
investigating the chemical composition of chemicals. Martin-Neto et al. (1994) used
FTIR to obtain information about the molecular mechanisms of interaction of atrazine,
(2-chloro-4-ethylamino-6-isopropylamino-5-triazine) and humic acids extracted from
tropical soils.
Diffuse reflectance Fourier transform infrared (DRIFT) spectroscopy is a
modified form of FTIR and it was used by White and Nair (1989) to study the
dehydroxylation of amorphous silica. Friesen and Michaelian (1991) have used
diffuse reflectance FTIR to study the CH stretching region in infrared spectra ol coal.
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The technique and theory of DRIFT are well documented and reviewed (Fuller and
Griffiths 1978; Painter et al. 1985). The DRIFT spectra can be recorded as reflectance
or absorbance units and peak assignments in DRIFT are the same as in transmission IR
spectroscopy (Fuller and Griffiths 1978). The DRIFT system has been applied
extensively to research on various materials, including coal.
According to Painter et al. (1985), this technique offers several advantages
over transmission IR spectroscopy: (i). A simpler sample-preparation procedure is
required for DRIFT measurements than for FTIR; (ii) insensitivity to water associated
with the sample or with KBr used in sample preparation leads to an enhanced
resolution; (iii) resolution of the spectra is further increased as a result of a reduction
in the sensitivity towards light scattering; and (iv) DRIFT provides a more reliable
method for quantitative estimations of functional groups.
The purpose of this research was to examine the applicability of DRIFT in
studying the characteristic bands of the molecular structures of isoxaflutole and DKN
and investigate the presence of intermolecular hydrogen bonding with the soil
particles.

Materials and Methods

Experiments were performed on a MIDAC Diffuse reflectance Fourier
transformed infrared (DRIFT) spectrophotometer (MIDAC Corporation, Irvine, CA
92714). The technical grade of isoxaflutole (98.0% pure) and DKN (99.0% pure) were
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obtained from Rhone-Poulenc Secteur Ag. Co. (14-20 Rue Pierre Baizet B.P. 9163,
69263 Lyon Cedex 09, France). Soils from Moorhead, MN; East Monroe, CO;
Ellendale, MN; South Deerfield, MA and Chelsea, MI were used for the experiments
with isoxaflutole (Figure 6.1), while a soil form Amherst, MA was used instead of the
Ellendale, MN soil for experiments with DKN (Figure 6.2). The soils were collected
from the subsurface horizon (0-15 cm) having a wide variation in their soil texture,
pH, organic matter, adsorbed cation (Ca2+) and cation exchange capacity (CEC).
All samples were mixed with 30-mg KBr pellets and were ground properly
(Inbar et al. 1990). The aqueous solubility of isoxaflutole is 6.2 ppm, while DKN has
a solubility of 326 ppm. Thus 2 ppm of isoxaflutole and 100 ppm of DKN per g of
soil were used for the experiments. Isoxaflutole and DKN solutions were prepared in
methylene chloride and were mixed with the soil samples. The soil mixtures were air
dried and were placed in a dessicator. For all experiments, 2 to 3 mg of each sample
was added to 100 mg KBr. Using this proportion of the samples to KBr, we found that
the spectrum with better resolution in each soil mixture was obtained as compared to
samples with the proportion of 1 mg of sample to 100 mg KBr. Similarly, MartinNeto et al. (1994) reported that 2 to 3 mg of humic acid or humic acid atrazine
complex and 100 mg KBr gave them good resolution. Subtraction spectra with two
blanks of isoxaflutole and DKN were used to analyze the samples. The analysis
compartment was purged for 5 min before analysis with N2 to eliminate interference
from C02 and moisture. A small jar (20 mg) containing anhydrous Mg(C104)2 was
placed inside the compartment to further reduce atmospheric moisture.
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Wavenumber (cm'1)

Figure 6.1 FTIR spectra of different soils used for experiments with isoxaflutole.
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Wavenumber (cm'1)

Figure 6.2 FTIR spectra of different soils used for experiments with DKN.
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Results and Discussion

The spectra of isoxaflutole and DKN had prominent and well resolved bands
indicative of aliphatic C-H, carboxyl, nitrile, sulphonyl functional groups, aromatic
C = C, and C-0 stretch. Isoxaflutole was characterized by a prominent carbonyl
stretching frequency, C = O (1670 cm'1), aromatic C-H stretch (3027 cm'1), and
asymmetric C-H stretch of -CH2 (3100 and 2925 cm'1) (cyclo propyl group) (Figure
6.3). Similar absorbance bands for atrazine have been reported by Laird et al. 1994.
The S02- group is represented by a peak at 1324 cm'1 wavenumber while the aromatic
ring is denoted by the absorbance peak at 1572 cm'1 (Pavia et al. 1979).
With the conversion of isoxaflutole to DKN the functional groups get
rearranged. As a result the DKN molecule has two keto groups (C = O) and a nitrile
group (CN), while the rest of the functional groups remain intact. The DKN molecule
was characterized by a prominent nitrile absorbance band (2217 cm'1) and a high
intensity of carbonyl stretching frequency (1569 to 1502 cm'1) (Figure 6.4). An
asymmetric S = O stretch (1317 cm*1) and a symmetric S = O stretch (1151 cm'1) of
equal intensity were recorded. The absorbance peaks in the 908 to 965 cm'1 range
corresponded to out of plane stretches of the aromatic groups. Symmetric C-H stretch
of -CH2- group was depicted by the peak at 2816 cm'1, while the peak at 1416
indicated aromatic C = C stretch (Figure 6.4).
The two keto groups in DKN might exhibit tautomerizm leading to a ketoenol
type of formation and intramolecular hydrogen bonding might be possible. Generally
a typical keto group (C = O) is represented by an absorbance peak at 1720 cm 1
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Figure 6.3 FTIR spectra of isoxaflutole.
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Figure 6.4 FTIR spectra of DKN.

wavenumber (Laird et al. 1994), but the two keto groups in the DKN molecule had
twin peaks of high intensity at 1548 and 1569 cm'1. The reason for this shift can be
accounted for by intramolecular hydrogen bonding between the two keto groups.
Hence, the shift of the C =0 group peaks to a lower wavenumber can be explained by
isomerism and the presence of other attached functional groups.
On careful observation it was found that the intensity of the absorbance bands
for the Si-O-Si functionalities (1023 -to- 1041 cm'1) (Fuller and Smyrl 1990)
decreased with an increase in the organic matter content of the soils (Figures 6.1 and
6.2). The absorbance bands for these moieties clearly indicate a decrease in mineral
content of the soils. White and Nair (1990) have studied silica dehydroxy lation with
DRIFT spectroscopy and they found Si-O-Si stretching absorbance bands from 970 to
1200 cm'1 wavenumbers.
Further analysis of the DRIFT spectra revealed that intermolecular hydrogen
bonding was observed when isoxaflutole and diketonitrile were added to soils. In
classical hydrogen bonding the close proximity of electron-rich species (primarily
other O-H groups, carbonyl groups, and carboxylic groups) attracts the hydrogen of
the donor O-H with a concomitant shift of its vibrational frequency to lower
wavenumbers (Fuller and Smyrl 1990). When hydrogen bond formation occurs rather
drastic changes are observed in the vibrational spectrum which include, for an O-H- -O bond, the following happen (Fuller and Smyrl 1990).
(i) The O-H stretching frequency decreases
(ii) The O-H bending frequency increases
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The 0-H stretching frequency of carbonyls is observed around 3200 to 3500
cm'1 wavenumbers (Pavia et al. 1979). The isoxaflutole spectra had an absorbance
band of 3321 cm'1 (O-H stretching frequency) which decreased to 3027, 3028, 3027,
3026, and 3287 when isoxaflutole was added to South Deerfield, East Monroe,
Moorhead, Ellendale, and Chelsea soils, respectively (Figure 6.5). In the DKN
spectra a small peak was observed at 3492 cm'1 which decreased to 3388, 3400,
3396, 3355, and 3329 cm'1 when added to South Deerfield, East Monroe, Moorhead,
Amherst, and Chelsea soils (Figure 6.6).
The O-H bending mode is represented by 1343 to 1387 cm'1 wavenumbers
(Yost et al. 1990). An increase in the wavenumber of the O-H bending frequency in
DKN (1356 cm'1) was observed when it was added to the soils. Similar results of
hydrogen bonding have been reported in atrazine sorption (Martin-Neto et al. 1994).
Fuller and Smyrl 1990 have reported that hydrogen bonding is a major force which
binds coals together.
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Figure 6.5 FTIR spectra of soils after isoxaflutole was added.
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Figure 6.6 FTIR spectra of soils after DKN was added.
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APPENDIX A

NMR SPECTRA

Figure A.l Cross polarization total sideband suppression (CP-TOSS) spectrum of
isoxaflutole
133

Figure A.2 CP-TOSS spectrum of DKN.
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APPENDIX B

Sorbed isoxaflutole [log(x/m)]

SORPTION AND DESORPTION ISOTHERMS

Solution concentration [jig/ml]

Figure B.l Isoxaflutole isotherm in 0.1 M CaCl2 solution in South Deerfield, MA soil.

135

Solution concentration [log CJ

Figure B.2 Isoxaflutole isotherm in 0.1 M CaCl2 solution in Chelsea, MI soil.
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Sorbed DKN [log(x/m)]
Figure B.3 DKN sorption-desorption isotherms in South Deerfield, MA soil.
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Figure B.4 DKN sorption-desorption isotherms in East Monroe, CO soil.
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Sorbed DKN [log(x/m)]
Figure B.5 DKN sorption-desorption isotherms in Moorhead, MN soil.

139

Figure B.6 DKN sorption-desorption isotherms in Amherst, MA soil.
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Figure B.7 DKN sorption-desorption isotherms in Chelsea, MI soil.
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